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EFFECTS OF SEWAGE SLUDGE ON NUTRIENT AVAILABILITY
FOR KIWI FRUITS UNDER HIGH PH SOIL CONDITIONS
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Presented at the 17th International Symposium on Environmental Pollution and its
Impact on Life in the Mediterranean Region (MESAEP), September 28 - October 01, 2013, Istanbul, Turkey

ABSTRACT
A field experiment was conducted to investigate the
effects of sewage sludge application on nutrient availability for kiwi fruits grown under high pH soil conditions. Solar-dried sewage sludge was applied (25, 50, 100, and 200 t/
ha) at the beginning of the study. The considered soil properties (0–20 cm depth), pH, electrical conductivity (EC),
organic matter, organic carbon, N, P, K, and cation exchange capacity (CEC) were determined. Micro-elements
were analysed in the soil extracts for total and DTPA (diethylene triamine pentaacetic acid) values, in order to determine the elemental sufficiency of the sewage sludge incorporated in soil (application rate of 200 t/ha) which
slightly decreased the soil pH from 8.2 to 7.8. Therefore,
soluble macro- and micro-elements in all sewage sludge
treatments were increased, relatively to the sludge dose,
and sewage sludge application particularly increased the
total element concentrations of Fe, Mn, Cu, and Zn to values above the deficient soil levels, at the highest application rates. Among the other elements, modest increases in
total concentrations were observed; however, the recommended limits were not exceeded. Through the decreasing
soil pH and the addition of trace elements, the application
rates of 100 and 200 t/ha increased the availability of Zn
and Cu upto 7 and 11%, respectively. As a result, the addition of municipal sewage sludge, at an annual application
rate of 200 t/ha or less, can be used for kiwi fruit production
on soilswith high pH values.
KEYWORDS:
Sewage sludge, kiwi fruit, soil pH, nutrient availability

1. INTRODUCTION
Application of sewage sludge to agricultural lands presents a potential way of improving soil physical, chemical,
and biological parameters, through the addition of nutrients
* Corresponding author

and organic matter. Besides, sewage sludge not only improves
soil fertility but may also directly or indirectly alter the nutrient availability of the soil by affecting the pH [1-4]. Many researchers found that sewage sludge addition may change the
soil pH and, thereby, affect the bioavailability of microelements [5-10]. Most conventional growers prefer synthetic fertilizers because their nutrients are readily available for plant
uptake and are not influenced by factors such as mineralization rate, metal interactions, adsorption, chelation, precipitation, and pH values upto the same degree as with sewage
sludge [11]. However, because of the low fertilizer requirements for fruit trees, the phyto-availability of macro- and micro-nutrients from the applied sewage sludge can be sufficient
to maintain fruit production [11, 12]. Despite of this, many researches on the behaviour of elements in soils, which have
been stabilized after sludge applications, are needed to understand the long-term effects of sludge disposal on fruit trees.
Nutrient availability in high pH soil is a major constraint
on crop production, especially for sensitive plants such as
kiwi fruits. High pH increases the adsorption of macro- and
micro-elements on soil particles but decreases their availability in the soil solution [13]. For this reason, the distribution of nutrients between soil and solutes is the key to estimate the availability of elements for plants [14]. Various extractants, such as DTPA, 0.01M CaCl2, Mehlich-1, Mehlich3, and 0.1N HCl were used to estimate plant-available nutrients in soils with varying degrees of success [7].
Therefore, in this study, the effects of sewage sludge
on kiwi fruit (Actinidia deliciosa) production was investigated. The work was carried out over a 1-year period with
the aim of understanding the influence of sewage sludge on
the content of DTPA-extractable elements in soil, and the
release of these elements into solution as a function of the
pH was also studied under field conditions. Finally, the utilization of sewage sludge application instead of conventional mineral fertilizers was discussed. So, this evaluation
of the impact of multiyear sewage sludge application on
kiwi production will be extremely helpful before making
recommendations on long-term sewage sludge application
or disposal in fruit tree production.
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2. MATERIALS AND METHODS
The study was carried out in a 6-years old kiwifruit
garden located in Akova (Sakarya, Turkey). The soil was
classified as alkaline soil with a pH value of 8.2, and it had
a silty texture with a composition of 25.4% sand, 52.5%
silt and 22.1% clay. The solar-dried sludge (90% DW) used
in the experiments was obtained from the Wastewater
Treatment Plant, Sakarya. The experiment was conducted
with a randomized block design (RBD) having 4 different
application rates of sewage sludge, which were equivalent
to 25, 50, 100, and 200 t/ha. One treatment, which was not
amended, represented the control. Three replicates were
performed for each treatment. Trees received annual commercial thinning and pruning according to the standard
practice. Fertilization is normally carried out with a total
annual nutrient input. The sewage sludge was applied by
hand to the soil surface, at the base of each tree, annually
in October and incorporated to a depth of 15 cm with a rototiller following the application.
Besides the field study, an incubation experiment was
performed under laboratory conditions to estimate the influence of sewage sludge on the DTPA-extractable macroand micro-elements in soil, as a function of pH. Application rates were based on the field experiment, and pH values of soil/sludge mixtures were monitored periodically by
taking 10 g of the mixture and measuring the pH. Changes
in pH under different treatments of sewage sludge are
shown in Table 1. Incubation was terminated when the pH
did not change for 3 consecutive weeks. It took 8 weeks to
reach the final pH (7.8) for sludge amendment (Table 1).
The changes in soil properties were monitored between October 2011 and October 2013. Soil samples were
collected annually after the sewage sludge application. In
each plot, 5 samples from the 0–20 cm soil layer were collected using a random design, and they were pooled to form
a composite sample. Sludge and soil samples that had been
oven-dried (70 °C), ground, and sieved (2-mm mesh size)
were used in the analysis. The pH values were measured
with a pH-meter at a 1:5 (w/v) ratio of soil water suspension [15]. The electrical conductivity (EC) was measured
with an EC electrode in 1:5 (w/v) soil water suspensions
[15]. Organic matter (OM) and organic carbon (%) were
measured according to the Walkley and Black method [16].
Total N was determined by the Kjeldahl method [15].
Phosphorus was measured spectrophotometrically according to the Bingham method [17], and potassium was obtained by inductively coupled plasma optical emission
spectrometry (ICP-OES) (Spectro Arcos, Kleve, Germany)
by employing the ammonium acetate method [16]. Cation
exchange capacity was obtained according to the BaCl2 extraction method [18]. Dried soil/sludge samples (*250 mg)
were digested in a Microwave Digestion System (Sorisole,
BG, Italy) using a mixture of 6 ml of HNO3 (65%) and 1
ml of H2O2 (30%). Then, the total heavy metal contents and
micro-nutrients were determined with an ICP-OES (Spectro Arcos, Kleve, Germany). The plant-available element

concentrations in soil/sludge samples were determined after extraction with 0.005 M DTPA according to the ammonium bicarbonate-DTPA method [19], and analysed for
macro- and micro-nutrient contents using the above ICPOES combination (Spectro Arcos, Kleve, Germany).
The chemical and physico-chemical properties of the
soil were as follows: texture saturation of 72%, pH of 8.2,
EC of 488 µS cm-1, OM content of 2.81%, total N content
of 0.141%, P content of 17.14 ppm, K content of 632 ppm,
and CaCO3 content of 10.1%. The elemental composition
of the soil was found to be 2.9 mg kg-1 Cu, 1.14 mg kg-1 Zn,
6970 mg kg-1 Ca, 741 mg kg-1 Mg, 5.9 mg kg-1 Fe, and 3.88
mg kg-1 Mn.
The obtained physicochemical properties of the sewage
sludge were as follows: pH of 7.4, EC of 1998 µS cm-1, OM
content of 54%, total N content of 4.10%, P content of
3.15%, K content of 0.12%, CEC of 8.53 cmol (+) kg-1,
organic carbon content of 31.21%, and a C/N ratio of 7.61.
The heavy metal content of sewage sludge was found to be
19 mg kg-1 Cu, 1435 mg kg-1 Zn, 243 mg kg-1 Cr, 79 mg kg-1
Ni, 34 mg kg-1 Pb, and 3 mg kg-1 Cd. The quantity and
weights of kiwi fruits, sorted according to commercial
standards, were measured using a mechanical grading line.
Fruits weighing more than 65 g were considered to be of
commercial size.
The measured data of the samples were analysed statistically using the one-way ANOVA procedure to compare the effects of treatments on the macro- and micro-element contents of the soil.
3. RESULTS AND DISCUSSION
From the obtained results, the agronomic characteristics of sewage sludge, such as pH, EC, CEC, and OM content were in an acceptable range and favourable for subsequent plant growth [20]. Additional fertility characteristics,
such as NPK levels, organic carbon and C/N ratio, were also
fairly consistent. The total concentrations of heavy metals in
the sewage sludge were found to be much lower than the
limits recommended by the Turkish Soil Pollution and Control Regulations for agricultural usage [21]. The results also
showed low concentrations, compared with the current limits established by the EU and the USEPA for sewage sludge
applied to agricultural soils [22, 23]. For this reason, sewage sludge was classified as an excellent amendment for
agricultural use.
Table 1 shows the changes in soil pH under different
sewage sludge treatments. Many studies demonstrated that
soil pH was decreased by the addition of organic wastes
[7]. Similarly, the addition of sewage sludge significantly
decreased the soil pH at the highest dose of treatment (S200)
(Table 1). After 4 weeks of incubation, the addition of sewage sludge to soil resulted in a significant decrease of soil
pH. The lowest pH (7.8) was determined at 200-ton application rate after a 1-month period (Table 1). This is indicative of the slow degradation of OM associated with the
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sewage sludge. After the 1-month period, pH again increased, in inverse relation to the application rate (Table 1).
This was attributed to the adsorption of metals to organic

ligands released during the degradation of sewage sludge,
and adsorption to the soil surfaces.

TABLE 1 - Changes in soil pH under different treatments with sewage sludge.
Treatment
S0
S25
S50
S100
S200

7 days
8.3
8.4
8.3
8.2
8.1

14 days
8.4
8.5
8.4
8.2
8.1

21 days
8.4
8.2
8.2
8.1
8.1

1 month
8.2
8.1
8.1
7.9
7.8

2 months
8.2
8.1
8.0
8.1
8.0

TABLE 2 – Total element concentrations measured in soil at sludge loadings of 25, 50, 100 and 200 t/ha (treatments S25, S50, S100 and S200,
respectively)
Treat.

S25

S50

S100

S200

0.10ab
0.30d
3.60b
3.20b
79.17b
2.36b
2.20b
3.00b
1.36d
27.06b
5.47a
261.39c
0.50c
0.1a
0.39b
0.44b
2.14a
2.42a

0.10a
0.95a
4.63a
4.19a
110.42a
4.46a
4.34a
7.18a
4.08a
46.60a
5.52a
338.33a
0.67ab
0.1a
3.08a
0.71a
2.43a
2.49a

µg/g
Cd
Co
Cr
Cu
Fe
Mn
Ni
Pb
Tl
Zn
Bi
Al
Sr
Ag
B
Ba
Ga
In

0.09b
0.52b
2.50c
3.38b
102.94ab
2.82b
3.40a
4.62b
1.75c
28.67b
6.00a
309.49ab
0.75a
0.13a
2.17a
0.56ab
2.23a
2.63a

0.10ab
0.36c
2.43c
2.79b
81.50b
2.33b
2.21b
3.07b
2.69b
23.33b
5.53a
274.60bc
0.54bc
0.09a
0.70b
0.43b
1.76a
2.19a

TABLE 3 - DTPA-extractable element concentrations measured in soil at sludge loadings of 25, 50, 100 and 200 t/ha (treatments S25, S50, S100
and S200, respectively)
Treat.

S25

S50

S100

S200

0.012c
0.08c
0.11c
0.4a
1.97c
0.013a
0.39b
0.17b
0.11c
1.98a
0.02b
0.35a
0.018a
0.01b
0.08a
0.08b
0.07a
0.02ab

0.015b
0.19a
0.25a
0.4a
1.72d
0.012c
0.41ab
0.24a
0.25a
1.53d
0.04a
0.10d
0.018a
0.03a
0.08a
0.09a
0.07a
0.03a

µg/g
Cd
Co
Cr
Cu
Fe
Mn
Ni
Pb
Tl
Zn
Bi
Al
Sr
Ag
B
Ba
Ga
In

0.011d
0.027d
0.12b
0.4a
2.15a
0.009d
0.32c
0.09c
0.08d
1.71b
0.014c
0.18c
0.018a
0.01b
0.079a
0.07c
0.07a
0.01c

0.018a
0.14b
0.11c
0.4a
2.08b
0.012b
0.42a
0.05d
0.17b
1.62c
0.03a
0.26b
0.019a
0.02b
0.08a
0.08ab
0.07a
0.02bc
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Table 2 shows the total element concentrations measured in soil at sludge loadings of 25, 50, 100, and 200 t/ha
(treatments S25, S50, S100, and S200, respectively). It has also
been demonstrated that the annual addition of sewage
sludge improved the fertility of soils, due to the positive
effects on soil biological and biochemical properties, but
regrettably increased the metal concentrations [6, 7, 11,
24]. Similarly, in this study the initial contents of heavy
metals in soil were correspondingly increased with increasing sludge applications, but this increase was small in comparison with the large amount of sewage sludge applied
(Table 2), and this was most likely a consequence of the
low elemental concentrations of the sewage sludge used in
this study. The highest heavy metal concentrations obtained
were 0.10 µg/g of Cd, 0.96 µg/g of Co, 4.99 µg/g of Cr, and
9.60 µg/g of Pb, at the application rate of 200 t/ha (Table 2).
In fact, the obtained heavy metal values did not exceed the
upper critical amounts proposed by the Turkish Soil Pollution and Control Regulations for agricultural usage, the
EU, or the USEPA for sewage sludge applied to agricultural soils [21–23]. Sewage sludge addition increased the
macro- and micro-nutrient levels of the soil to which it was
applied. The highest macro- and micro-element concentrations were determined to be 137.05 µg/g of Fe, 5.52 µg/g
of Mn, 4.40 µg/g of Cu, and 57.22 µg/g of Zn, at the highest
sludge rate. As a result, deficient values of Fe, Cu, Zn, and
Mn were increased to sufficient levels by the addition of
sewage sludge.
Table 3 shows the DTPA-extractable element concentrations measured in soil at sludge loading rates of 25, 50,
100, and 200 t/ha (treatments S25, S50, S100, and S200, respectively). Among the factors controlling the availability
of elements in soil, pH is probably the most important one.
Many authors have argued that an alkaline pH would
prompt a low solubility of macro–micro elements, whereas
a lower soil pH would increase the solubility of elements
and, hence, their movement in soil [2, 6, 25, 26]. The effects of pH on these fractions were not surprising, as it is
well-known that the occupation of H+ on the exchange sites
of the mineral surfaces leads to a decrease in the bonding
of elements to soil particles, and thus, to increased solubility of the elements [27]. Similarly, sewage sludge application increased soil DTPA-extractable element concentrations, especially those of Zn and Cu, at the 100- and 200ton application rates (Table 3). Sludge application of 100
tons increased the soluble concentration of Zn upto 7%. Besides, sludge addition increased the soluble concentration of
Cu upto 11% at the 200 t/ha application rate (Table 3). Similar results were obtained by Antolin et al. [6] in 2005, and
Forsberg and Ledin in 2006 [27]. Also, soluble concentrations of 18 and 11% were obtained for Ni and B, respectively, at the 50-t application rate (Table 3). This would
have been responsible for decreasing the pH after the addition of sewage sludge. It is important to note that there was
a proportional relationship between increased DTPA-extractable concentrations and increases in their total amounts
in soil. Although Cu and Zn seemed to be the most mobile
elements, in our study, their values were found to be lower

than those of the other elements, in agreement with the
findings of Antolin et al. [6] in 2005 and Warman and
Termeer in 2005 [7]. But increased extractability with decreased soil pH was also observed for Cu and Zn (Table 3).
The extractable Cr, Fe, Mn, Pb, and Al levels, expressed as
percentage of the total contents, were unaffected by increases in total soil element concentrations (< 1%) (Table 3).
Similar results were obtained by Warman and Termeer [7]
in 2005 as well as Courtney and Mullen in 2008 [28]. Although some authors believed that Mn is a more sensitive
indicator of pH in soils, Mn availability was unaffected by
decreases in pH [7, 28]. Among the macro-elements, DTPAextractable Mg accounted to only 7% of the total Mg in soil,
while the DTPA-extractable Ca accounted for 18% of the
total Ca (Table 3). In literature, the capacity of organic
wastes for metal availability was also mentioned [6, 12].
But, these results were remarkable, since sewage sludge is
more easily decomposed than the other organic wastes, and
it releases also essential elements for plant uptake [29].
4. CONCLUSIONS
The results indicated that element concentrations in
soil increased, in correspondence with increasing sewage
sludge application. Especially deficient values of soil Fe,
Cu, Zn and Mn were increased to sufficient levels by the
addition of sewage sludge. Besides DTPA-extractable element concentrations, especially Cu and Zn were increased
by sludge addition. This increase would have been caused
by the degradation of sludge OM and release of elements
into the soil solution. This would also have been caused by
the decrease in pH, as a result of increased solubility of elements. We concluded that municipal sewage sludge applied at an annual rate of 200 t/ha or less can be safely used
as a fertilizer supplement for kiwi production on high pH
soils. It was also observed that sewage sludge had a positive but short residual effect one year afterwards. Hence,
the evaluation of the impact of multi-year sewage sludge
applications on kiwi fruit production would be helpful before making recommendations for long-term application or
disposal. As a result, when applied at the right concentration, sewage sludge will be an effective amendment for alkaline soils without having any detrimental impact on the
environment.
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EFFECTS OF SODIUM GLYOXYLATE AND LIGHT INTENSITY
ON GROWTHS AND EXOPOLYSACCHARIDE PRODUCTIONS
OF Prasinococcus sp. AND Porphyridium cruentum
Mina Tebiani, Zeliha Demirel*, Esra Imamoglu and Meltem Conk Dalay
Department of Bioengineering, Faculty of Engineering, University of Ege, 35100 Bornova, Izmir, Turkey

ABSTRACT
This work is a first attempt to investigate polysaccharide content of Prasinococcus sp. in comparison with the
model strain of Porphyridium cruentum, as a potential polysaccharide producer, under two different light intensities
with two different sodium glyoxylate monohydrate concentrations in F/2 medium. The microalgae strains were
cultured in 1000 mL glass bottles containing 900 mL of F/2
medium at the air flow rate of 1 vvm under the temperature
of 22±2 °C at two different light intensities (10 µE m-2s-1
and 50 µE m-2s-1) with two different concentrations of sodium glyoxylate monohydrate (control, 0.25, and 1.25 mM
C2HNaO3.H2O) for 14 days. The maximum specific
growth rates of 0.236 day−1 and 0.298 day−1, which corresponded to the doubling times of 2.945 day and 2.325 day,
were obtained in F/2 control medium and in the low level
glyoxylate treatment (0.25 mM) under 50 µE m-2s-1 for
Prasinococcus sp. and P. cruentum, respectively. It is also
important to underline that higher light intensity had a direct influence, whereas no effect was observed for glyoxylate treatments on the growth of Prasinococcus cells. Additionally, both high light intensity and mild level of glyoxylate stimulated faster growth for P. cruentum. On the
other hand, total monosaccharide amount of exopolysaccharide fraction of P. cruentum increased with increasing
the glyoxylate level, while the mild level of glyoxylate
treatment (0.25 mM C2HNaO3.H2O) stimulated the monosaccharide production of Prasinococcus cells.
KEYWORDS: light intensity; Prasinococcus sp.; Porphyridium cruentum; sodium glyoxylate; polysaccharide

1. INTRODUCTION
Cultivation of microalgae as a potential source of a variety of products, from fuels and animal feeds to vitamins
and pharmaceuticals, has been investigated for 40 years.
Porphyridium has made it a useful experimental system
* Corresponding author

and an attractive organism for studies of its high content of
polysaccharide, which has also drawn attention to its potential use as a source of valuable chemicals. Algal polysaccharides have aroused interest because of special properties that make them suitable for a variety of industrial
purposes [1]. Algal polysaccharides can be used in industry
as thickeners, stabilizers and emulsifiers [2]. Porphyridium
cruentum and Prasinococcus sp. are good candidates for
the production of valuable biochemical such as polysaccharides [3, 4].
P. purpureum is a unicellular red microalga from
Rhodophyta class which has the potential to crop large
amounts of proteins (28-39%), polysaccharides (40-57%)
and lipids (9-14%) subsumed into dry algal mass [5].
Prasinococcus sp. is a non-motile green nanoalga from the
class Prasinophyceae which has from a group of marine
coccoid algae. The apical end of the cell wall region,
named the ‘‘Golgi-decapore complex’’ (GDC), which
plays an essential role in fabricating and releasing capsular
fibrils from a unique sulfated and carboxylated polyanionic
polysaccharide, here named “capsulan” [6].
The growth of algae is a function of many factors affect such as nutrients, pH, salinity, temperature and light
[7]. Among these factors, light intensity that directly influences photosynthetic or respiratory mechanism is an important factor in defining optimal conditions for the culture
[8]. The cells obtain their energy by metabolizing carbohydrate in light-dark cycle; light favors the accumulation of
carbohydrate and in the absence of light [9]. Glyoxylate, a
stimulator of carbon metabolism, was reported as a substance with the capability of inhibiting photorespiration
and increasing photosynthesis in higher plants [10] and
some cyanobacteria [11, 12]. An excess of carbon flux in
algae, such as Anabaena cylindrica [13] and Cyanospira
capsulate [14] occur in response to the addition of glyoxylate, which results in an intracellular accumulation of polysaccharide and a release of soluble extracellular polysaccharide [15].
This work is a first attempt to investigate sugar content
of Prasinococcus sp. in comparison with the model strain
of P. cruentum, as a potential polysaccharide producer, under two different light intensities with two different sodium
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glyoxylate monohydrate concentrations in F/2 medium and
to determine the increase of exopolysaccharides (used as
biopolymers) amount in the culture media. Furthermore,
the locally isolated strain of Prasinococcus sp. was used in
the experiments.
2. MATERIALS AND METHODS
2.1 Isolation, identification of Prasinococcus sp. and maintenance of microalgal strains.

Porphyridium cruentum EGEMACC 9 was obtained
from Ege University Microalgae Culture collection (http://
www.egemacc.com/), Izmir, Turkey. For Prasinococcus sp.,
seawater sample was collected by plankton net (20 µm
mesh size) from the coast of Sıgacık-Teos in Turkey located
geographically between 38°11'30.09'' North latitude and
26°46'25.44'' 29°42'25" East longitude. The sample was
placed on ice in a cool container and arrived to the lab into
48 h. The isolation of the strain was done using serial dilution and the streaking plate method. The isolate was incubated
at 25 °C at the light intensity of 30 µE m-2s-1 in 250 mL flasks
for 14 days.
For light microscopy observations, the isolated strain of
Prasinococcus sp. was examined for morphological features
by using a Leica DMIL fluorescent microscope (Leica, Germany) light microscope with 63 x achromatic objective
lens. Images were captured using Leica software (LAS).
The morphological observations of Prasinococcus sp. and
P. cruentum are shown in Figure 1.
The molecular identification of isolated strain Prasinococcus sp. was carried out by 18S rDNA sequencing.
The culture was grown in a tube for 1-2 weeks and the cells
were recovered by centrifugation at 3500 g for 5 min.
DNA was isolated using a Zymo Research Fungal/Bacterial DNA MiniPrep™ (USA) and stored at -20 °C. The
gene of interest was the nuclear small subunit (18S)
rRNA. The primers (For; 5'-TGGTTGATCCTGCCAGTAG-3', Rev; 5'-TGATCCTTCCGCAGGTTCAC-3') were
used for polymerase chain reaction (PCR) amplification
and the PCR conditions was used as reported by Shoup and
Lewis [16]. Analysis was performed in BioRad MyCycler
thermal cycler in Helix Amp™ Hypersense DNA polymerase (Nannohelix) by the primer pairs following the manufacturer’s instructions. Products of cycle sequencing were
cleaned and dye terminator sequencing was done using the
primers and analyzed on an Applied Biosystems 3130XL
with16-capillary array.
Both of cultures were monoalgal (non-axenic) and cultivated in F/2 medium [17] at 22±2 °C under continuous illumination (100 µE m-2s-1) in 2-L sterile bottle for 15 days.
For the preparation of the inoculum, the cells from the stock
culture were collected and concentrated by centrifugation
(1160 g, 3 min) and the supernatant was removed. The collected cells were transferred, incubated aseptically in 250 mL
flasks containing 100 mL of F/2 medium under the light intensity of 40 µE m-2s-1with the agitation rate of 120 rpm at

22±2 °C for four days. Four-day-old culture of cells was
used as inoculum at 10% volume for all experiments.
2.2 Growth conditions of microalgal strains.

The microalgae strains were cultured in 1000 mL glass
bottles containing 900 mL of F/2 medium at the air flow
rate of 1 vvm under the temperature of 22±2 °C at two
different light intensities (10 µE m-2s-1 and 50 µE m-2s-1)
with two different concentrations of sodium glyoxylate
monohydrate (control, 0.25, and 1.25 mM C2HNaO3.H2O)
for 14 days. Illumination was provided both by LED downlight lamp (Cata 10 W CT-5254) and standard cool white
fluorescent lamps (18 W) from the top and one side of the
of bottles, respectively. Irradiance was measured in the
center of the flask with a quantum meter (Lambda L1-185).
The temperature was measured in the center of the bottle
with a thermocouple (Dixell-XT115). Rotometers (Özgülair Co. Izmir -Turkey) were used to provide the desired air
flow rate.
F/2 medium was prepared and then autoclaved. Agar
medium was prepared by the addition of 1.5 % agar powder
to liquid media prior to autoclaving. All components (SigmaAldrich Co.) were used analytical grade.
The data were analyzed using one-way analysis of variance (ANOVA). A probability value of p≤0.05 was considered to denote a statistically significant difference, and
p≤0.01 was also used to show the power of the significance. Results were reported as mean values with standard
deviations (n=3) unless otherwise indicated.
2.3 Experimental analysis.

Samples were taken at indicated times, and the following growth parameters were measured immediately; the
cell concentration was determined by counting duplicate
samples in a Neubauer hemocytometer. Dry weight was
determined in duplicate by filtering a 5-ml culture sample
through preweighed Whatman GF/C filters and weighed
after drying the cell mass at 60 °C for overnight.
For the chlorophyll-a measurement, cells were harvested at 3500 g for 3 min. Chlorophyll in the cells was
extracted with 100 % (v/v) methanol until the powder color
became gray. The amount of chlorophyll-a was determined
spectrophotometrically by measuring the light absorption
at different wavelengths (665 and 750 nm) [18]. The chlorophyll content was calculated by using the following equation: Chlorophyll-a (mg/L)= 13.9 (A665-A750), where A665
and A750 correspond to the absorbance of methanol extracted
supernatant at 665 nm and 750 nm wavelength with 1 cm
pathway cuvette, 13.9 is the extraction coefficient.
The total carbohydrate was determined using the phenol–sulfuric acid method at the absorbance value of 490
nm [19]. Monosaccharide standard solutions were prepared
as reported by Harazono et al. [20]. Monosaccarides were
measured by LC-MS/MS using an Agilent 1200 Capillary
HPLC (Polo alto, USA) system with an ODS capillary column (ACE 5 C18 150 x 0.5 mm 5 µm) delivering 20
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µL/min of the eluent. Elution was performed by isocratic
mode using mixture of acetonitrile-water. The column of
LC system was connected to an electrospray ion source
(ESI positive). All mass spectrometric measurements were
performed on a HCT Ultra ion trap mass spectrometer
(Bruker Daltonics, Bremen, Germany) equipped with an
electrospray ionization (ESI) source. Spectrometric conditions such as the ion optics voltages, nebulizer gas and dry
gas flow rates, and the dry gas temperature were controlled
by EsquireControl software 6.1. MS/MS spectra were carried out by collision-induced dissociation (CID). Data
analysis was carried out using Data Analysis software
(v.3.4, Bruker Daltonics).
The specific growth rate (µ) of the cells was calculated
from the initial logarithmic phase of growth for at least 48
h, as µ = (lnC2 - lnC1)/dt , where C2 is the final cell concentration, C1 is the initial cell concentration and dt is the time

A

C

required for the increase in concentration from C1 to C2.
Doubling time (DT) was also calculated as DT = ln 2/µ.
The data were analyzed using one-way analysis of variance (ANOVA). A probability value of p≤0.05 was considered to denote a statistically significant difference, and
p≤0.01 was also used to show the power of the significance. Results were reported as mean values with standard
deviations (n=2) unless otherwise indicated.
3. RESULTS AND DISCUSSION
3.1 Morphological properties of microalgal strains and molecular identification of Prasinococcus sp..

Prasinococcus sp. cells are green color, unicellular,
free-floating and sub-spherical in shape. The length of the
cells varied from 8 µm to 12 µm and the diameter ranged

B

D

FIGURE 1 - Identification of Prasinococcus sp. EGEMACC 50 and Porphyridium cruentum EGEMACC 9: (A) light microscopy observation
(63 x magnification) for Prasinococcus sp.; (B) light microscopy observation (63 x magnification) for P. cruentum; (C) DNA amplification of
the 18s rDNA of Prasinococcus sp.. (D) PCR amplification of the 18s rDNA of Prasinococcus sp..
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FIGURE 2 - Cell counts (x104 cells/mL) of microalgal strains under different light intensities with different concentrations of sodium glyoxylate
monohydrate: (A) Prasinococcus sp., (B) Porphyridium cruentum. (♦) control under the light intensity of 50 µE m-2 s-1, (■) 0.25 mM
C2HNaO3.H2O under the light intensity of 50 µE m-2 s-1, (▲) 1.25 mM C2HNaO3.H2O under the light intensity of 50 µE m-2 s-1, (◊) control under
the light intensity of 10 µE m-2 s-1, (□) 0.25 mM C2HNaO3.H2O under the light intensity of 10 µE m-2 s-1, (∆) 1.25 mM C2HNaO3.H2O under the
light intensity of 10 µE m-2 s-1.

from 5 µm to 8 µm (Figure 1A). The separation of the Prasinophyceae from the rest of the green algae was first based
on studies carried out with the light microscopy [21]. The
unique structure features of Prasinococus sp. are single parietal nucleus and single stellate chloroplast with prominent pyrenoid surrounded by small starch grains. Asexual
reproduction by fragmentation of cell masses or by aplanospores (endospores) formed in sporangia differentiated
from vegetative cells [22].
Porphyridium cells are spherical to obovoid red unicellular with stellate chloroplast and prominent central pyrenoid. The length of the cells varied from 5 µm to 10 µm
and the diameter ranged from 7 µm to 10 µm in stationary
phase. Cells solitary, but often grouped into irregular colonies with ill-defined mucilaginous matrix. Species distinguished by chloroplast color (Figure 1B).
For molecular identification, DNA and PCR products
of Prasinococcus sp. were isolated and separated on 1 %
agarose gel at 5 V/cm stained with SYBR safe and visualized with 312 nm UV light (Figure 1C and 1D).
The sequence data were submitted to the National Center for Biotechnology Information (NCBI) BLAST database
for verification. BLAST search on NCBI-nucleotide database (http://www.ncbi.nlm.nih.gov/BLAST) resulted in the
highest similarity to Prasinococcus sp. (GenBank Acc. No.:
JQ726705). The isolated & identified strain of Prasinococcus sp. was joined to Ege University Microalgae Culture
Collection (EGEMACC) and coded with EGEMACC 50.
3.2 Evaluation of the effects of sodium glyoxylate and light intensity for Prasinococcus sp..

As seen in Figure 2A, the cell count of Prasinococcus
sp. under high light intensity increased about 3 times compared to that of Prasinococcus cells under low light inten-

sity. The maximum cell count, 1.945±0.05 x 107 cells/mL,
was obtained in F/2 control medium under the light intensity
of 50 µE m-2s-1 and the lowest (3.55±0.15 x 106 cells/mL)
was obtained with the addition of 1.25 mM C2HNaO3.H2O
in F/2 medium under the light intensity of 10 µE m-2s-1 (p
> 0.05). Parallel results for the chlorophyll-a concentrations
were monitored (Figure 3A). Chlorophyll-a concentration
increased as the light intensity increased, while the higher
level of glyoxylate treatments showed a declining trend on
chlorophyll-a concentration for Prasinococcus cells.
It is known that the total polysaccharide is important
when considering the engineering yield, whereas the reducing sugar is related to the microbial yield [23]. The total
polysaccharide concentration was increased with increasing the glyoxylate level under the low light intensity, but
no glyoxylate effect was observed on the total polysaccharide concentration under the high light intensity (Figure
4A). This might be due to the metabolic changes. Colony
formation was also observed for Prasinococcus cells. It is
noteworthy to mention that morphological state affects the
metabolic change and vice versa [24]. The maximum increase of total polysaccharide was obtained with the value
of 1.11 ng/cell in F/2 control medium under the light intensity of 50 µE m-2s-1 for Prasinococcus cells. As reported by
Yang et al. [27], the influence of glyoxylate on the production of total polysaccharide for Chlorella pyrenoidosa
showed a rectangular hyperbolic response and the maximum increase of total polysaccharide increased from 0.28
to 1.07 pg/cell at 40 µE m-2s-1. When monosaccharide composition of exopolysaccharide fraction for Prasinococcus
sp. was taken into the consideration under the light intensity of 50 µE m-2s-1, the mild level of glyoxylate treatment
(0.25 mM C2HNaO3.H2O) stimulated the monosaccharide
production, whereas high level (1.25 mM C2HNaO3.H2O)
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FIGURE 3 - Chloropyll-a concentrations (mg/L) of microalgal strains under different light intensities with different concentrations of sodium
glyoxylate monohydrate: (A) Prasinococcus sp., (B) Porphyridium cruentum. (♦) control under the light intensity of 50 µE m-2 s-1, (■) 0.25 mM
C2HNaO3.H2O under the light intensity of 50 µE m-2 s-1, (▲) 1.25 mM C2HNaO3.H2O under the light intensity of 50 µE m-2 s-1, (◊) control under
the light intensity of 10 µE m-2 s-1, (□) 0.25 mM C2HNaO3.H2O under the light intensity of 10 µE m-2 s-1, (∆) 1.25 mM C2HNaO3.H2O under the
light intensity of 10 µE m-2 s-1.
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FIGURE 4 - Total sugar concentrations (mg/L) of microalgal strains under different light intensities with different concentrations of sodium
glyoxylate monohydrate: (A) Prasinococcus sp., (B) Porphyridium cruentum. (♦) control under the light intensity of 50 µE m-2 s-1, (■) 0.25 mM
C2HNaO3.H2O under the light intensity of 50 µE m-2 s-1, (▲) 1.25 mM C2HNaO3.H2O under the light intensity of 50 µE m-2 s-1, (◊) control under
the light intensity of 10 µE m-2 s-1, (□) 0.25 mM C2HNaO3.H2O under the light intensity of 10 µE m-2 s-1, (∆) 1.25 mM C2HNaO3.H2O under the
light intensity of 10 µE m-2 s-1.

TABLE 1 - Monosaccharide compositions of exopolysaccharides fractions for Prasinococcus sp. and P. cruentum under the light intensity of
50 µE m-2 s-1.

Monosaccarides (mg/L)

Control

Arabinose + Xylose
Galactose
Glucose
N-acetylgalactosamine
N-acetylglucosamine
Mannose
Rhamnose

1.587
0.721
0.138
0.001
0.001
1.905
0.685

Prasinococcus sp.
0.25 mM
C2HNaO3.H2O
2.571
1.461
0.444
0.002
0.017
1.635
1.467

1.25 mM
C2HNaO3.H2O
0.654
0.474
0.075
N/A
N/A
1.729
0.449

1771

Control
2.336
2.470
0.613
0.001
0.002
2.074
0.694

Porphyridium cruentum
0.25 mM
1.25 mM
C2HNaO3.H2O
C2HNaO3.H2O
3.717
3.402
5.126
5.601
5.996
8.047
0.018
0.019
0.056
0.018
3.244
6.041
1.224
1.489
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TABLE 2 - Results of obtaining kinetic parameters for Prasinococcus sp. and P. cruentum under the light intensity of 50 µE m-2 s-1.

Kinetic parameters
Cell Count (x104 cells/mL)
Dry weight (mg/L)
Chlorophyll-a (mg/L)
Total sugar (mg/L)
Specific growth rate (µ; day-1)
Doubling time (day)
Cell Productivity (mg/L/day)

Prasinococcus sp.
Control
0.25 mM
C2HNaO3.H2O
1945±50
1405±55
0.40±0.05
0.38±0.03
5.37±0.25
3.67±0.125
214.6±4.4
124.09±4.6
0.236
0.220
2.945
3.161
0.384
0.262

1.25 mM
C2HNaO3.H2O
1660±40
0.12±0.06
4.47±0.14
148.12±5.5
0.218
3.181
0.319

inhibited the production sharply, as shown in Table 1.
Arabinose and xylose were the dominant monosaccharides
for Prasinococcus sp.
Glyoxylate is thought to be the main precursor and can
be converted to oxalate by glycolate oxidase (GO), a peroxisomal enzyme, and by lactate dehydrogenase (LDH), a
predominantly cytoplasmic enzyme [25, 26]. In this study,
higher light intensity had a direct influence, whereas no effect was observed for glyoxylate treatments on the growth
of Prasinococcus cells. Furthermore, high levels of glyoxylate in culture medium could inhibit growth directly,
while mild levels could stimulate the exopolysaccharide
production of Prasinococcus cells. The probable cause on
the decrease of the formation of monosaccharide of exopolysaccharide fraction when increasing the level of glyoxylate is the saturation of the glycolate pathway.
Evaluation of the effects of sodium glyoxylate and light intensity for P. cruentum.

P. purpureum 337 cells produce three types of sulphated polysaccharides, namely intracellular polysaccharides, pericellular polysaccharides and hydro-solubilized
polysaccharides with a molecular weight of 3-5 x 106 Da.
This indicates that the raw material might be processed to
excellent green biolubricants [28]. The hydro-solubilized
polysaccharides are dissolved in culture medium and are
called exopolysaccharides [30, 31].
As seen in Figure 2B, the maximum cell count
(5.80±0.15 x 106 cells/mL) was obtained with the low level
glyoxylate treatment (0.25 mM) under the light intensity of
50 µE m-2s-1 for P. cruentum. The cell concentration decreased by only 2.6% for high level glyoxylate treatment
(1.25 mM) in comparison with the low level glyoxylate
treatment (0.25 mM) under the light intensity of 50 µE m2 -1
s . Similar light intensity effects were found for each microalgal strain. The maximum chlorophyll-a concentration
of 1.50±0.08 mg/L was found with the low level glyoxylate
treatment (0.25 mM) under the light intensity of 50 µE m2 -1
s for P. cruentum, which indicated that cells could adjust
well to the growth conditions (Figure 3B). The maximum
specific growth rates of 0.298 day−1, which corresponded
to the doubling time of 2.325 day, was obtained with the
low level glyoxylate treatment (0.25 mM) under the light
intensity of 50 µE m-2s-1 for P. cruentum (Table 2). Both
high light intensity and mild level of glyoxylate stimulated

Control
455±25
0.15±0.04
1.29±0.03
118.1±4.4
0.172
4.028
0.092

Porphyridium cruentum
0.25 mM
1.25 mM
C2HNaO3.H2O
C2HNaO3.H2O
580±15
565±10
0.39±0.08
0.39±0.07
1.5±0.08
1.28±0.05
238.53±5.4
147.3±4.0
0.298
0.287
2.325
2.415
0.107
0.091

faster growth for P. cruentum. Light quality was a key factor for controlling the growth and polysaccharide production. The growth rate of P. cruentum increased with enhanced of light intensity; however a light level beyond the
saturation point inhibited the growth of microalgae [2].
As seen in Figure 4B, the total sugar concentration of
238.53±1.5 mg/L in the low level glyoxylate treatment
(0.25 mM) increased about 2.1 times compared to the total
polysaccharide concentration in the high level glyoxylate
treatment (1.25 mM) under the light intensity of 50 µE m2 -1
s for P. cruentum. The maximum increase of total sugar
was obtained with the value of 4.11 ng/cell under these
conditions. On the other hand, total monosaccharide
amount of exopolysaccharide fraction of P. cruentum increased with increasing the glyoxylate level. Glucose was
the dominant monosaccharide, followed by mannose for P.
cruentum (Table 1). In the present study, there was a strong
indication that glyoxylate induced exopolysaccharide production for P. cruentum.
4. CONCLUSIONS
The maximum specific growth rates of 0.236 day−1 and
0.298 day−1, which corresponded to the doubling times of
2.945 day and 2.325 day, were obtained in F/2 control medium and in the low level glyoxylate treatment (0.25 mM)
under 50 µE m-2s-1 for Prasinococcus sp. and P. cruentum,
respectively. When considering the notable differences between Prasinococcus sp. and P. cruentum, total monosaccharide amount (24.617 mg/L) of exopolysaccharide fraction of P. cruentum was 3.24 times higher than the total monosaccharide amount of Prasinococcus sp.. This might be due
to the existing more polysaccharide in the cell wall of Prasinococcus sp.. It is also important to underline that higher light
intensity had a direct influence, whereas no effect was observed for glyoxylate treatments on the growth of Prasinococcus cells. Additionally, both high light intensity and mild level
of glyoxylate stimulated faster growth for P. cruentum.
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ABSTRACT
Fertilizer induced salinity adversely affects plant
growth through its ionic and osmotic effects as in ordinary
salinity caused by toxic ions (Na, Cl, etc.). In this study, to
determine the ionic and osmotic effects of fertilizer induced salinity and NaCl salinity on growth, ascorbic acid,
proline and hydrogen peroxide (H2O2) accumulation and
stomatal resistance (SR), relative water content (RWC),
malondialdehyde (MDA) contents of tomato and pepper
plants subjected to different treatments (i.e. control, 40 mM
NaCl salinity and excess fertilizer salinity) were investigated under greenhouse condition. The results of this study
indicated that similar to NaCl salinity, fertilizer induced salinity significantly reduced the fresh and dry weights of tomato plants. Relative water content of the plants was decreased by NaCl salinity. Both NaCl and fertilizer induced
salinity caused significant increases in proline, MDA,
ascorbic acid and H2O2 accumulation, and stomatal resistance of the plants. Salinity achieved by NaCl and fertilizer altered plant growth and plant physiological processes
ionically and osmotically in a similar manner.

KEYWORDS: ascorbic acid, malondialdehyde, proline, relative
water content, H2O2, stomatal resistance

1. INTRODUCTION
Salinization plays a major role in soil degradation. It
affects 19.5% of irrigated land and 2.1% of dry land agriculture existing on the globe [1]. In many crop production
areas, use of low quality water for irrigation and application
of excess amounts of mineral fertilizer are the major reasons
for increased salinity problem in cultivated soils. Due to very
rapid accumulation of salts in soil under greenhouse conditions, salinity problem is also a critical constraint to veg* Corresponding author

etable production [2]. Salinity effects are more conspicuous in arid and semiarid regions, where limited rainfall,
high evapotranspiration and high temperature associated
with poor water and soil management contribute to the salinity problem and become of great importance for agriculture production in these regions.
Salinity stress depresses plant growth, fresh and dry
weight of shoots and roots due to that a combination of osmotic and specific ion effects of Cl− and Na+ and development at different physiological levels [3,4]. The reduction
in plant growth by salinity stress might be related to adverse effects of excess salt on ion homeostasis, water balance, mineral nutrition and photosynthetic carbon metabolism [5,6]. The mechanisms by which salt stress damage
plants are still a discussing matter due to very complex nature of the salt stress in plants.
Salt stress tolerance in plants is a complex phenomenon
that may involve developmental changes as well as physiological and biochemical processes. Salinity can damage the
plant through its osmotic effect, which is equivalent to a decrease in water activity, through specific toxic effects of ions
and by disturbing the uptake of essential nutrients [7, 8]. In
general, enzymes and metabolic activities in plants are
highly influenced by both amount and type of salts. Salt resistance includes both avoidance and tolerance mechanisms
[9]. The former may operate through active extrusion of ions
by specific pumps, passive exclusion of ions due to membrane impermeability, or dilution by rapid growth associated
with an increase in water content. An unavoidable consequence of growth in a solution containing a high salt concentration is the development of osmotic stress, which is
followed by a loss of turgor. Tolerance to osmotic stress
may operate either through dehydration tolerance, which
permits the cell to survive without growing when the turgor
decreases, or by avoiding dehydration through osmoregulation, which includes an increase of solute concentration
in the cell and consequently rehydration. The solutes may
be either salt ions, which can be sequestered in the vacuole
and osmotically balanced by organic solutes in the cytoplasm, or organic substances. The latter occurs when salt
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ions are prevented from entering the cells [10]. Salt-sensitive in which group most agricultural and horticultural
crops belong respond to salinity with profound decrease in
vegetative and reproductive growth [11]. These responses
are highly due to osmotic effects. The inability of osmoregulation may result from either an insufficient uptake of
salt ions or a lack of synthesis of organic solutes, which
leads to growth disruption occasioned by reduced water uptake as well as reduced water potential in the soil, resulting
to physiological water stress. In addition, salinity can cause
injury by inorganic ions, which are absorbed by the cell,
are not compartmentalized, and are accumulated at toxic
levels in plant tissues [12,13].
Under oxidative stress conditions such as salinity,
plants produce active oxygen species (AOS). To scavenge
AOS; plants have evolved specific defense tactics involving both enzymatic and non-enzymatic antioxidant mechanisms. Several antioxidant enzymes participate in the detoxification of AOS. Superoxide dismutases react with superoxide radicals (O2•−) to produce H2O2 [14]. In the absence of natural scavengers such as catalase and peroxidase, H2O2 accumulates in tissues to high levels. Accumulation of free proline is a typical response to salt stress.
When exposed a high salt content in the soil (leading to
water stress), many plants accumulate high amounts of proline, in some cases several times the sum of all the other
amino acids. Proline has been found to protect cell membranes of onion against salt injury [15]. Malondialdehyde
(MDA) content, a product of lipid peroxidation, has been
considered an indicator of oxidative damage [16]
The aim of this work was an effort to investigate the
ionic and osmotic effects of NaCl and fertilizer induced salinity to physiological, biochemical and growth parameters
in tomato and pepper plants.
2. MATERIALS and METHODS
2.1 Growth condition and treatments

To determine the ionic and osmotic effects of salt stress
on growth and physiological parameters of tomato (Lycopersicon esculentum L. cv. Bandita F1) and pepper (Capsicum
annuum L. cv. Demresivri F1) plants under stress conditions
(NaCl and fertilizer induced salinity), an experiment was
conducted in greenhouses under natural light conditions at
the Faculty of Agriculture, Ankara university. For this aim,
plants were grown three different treatments as a follow:
a) Control treatment: Plants were grown with basic nutrient solution (BNS) contained as a mg kg-1; 263 KH2PO4,
583 KNO3, 1003 Ca(NO3)2 4H2O, 513 MgSO4 7H2O, 171
Fe-EDDHA, 6.1 MnSO4 H2O, 0.39 CuSO4 5H2O, 0.37
(NH4)6Mo7O24 4H2O, 0.33 ZnSO4 7H2O and 1.7 H3BO3
b) NaCl treatment: BNS + 40 mM NaCl
c) Exceed fertilizer treatment: Basic nutrient solution
(BNS) concentration increased three folds in order to
achieve fertilizer induced salinity.

Tomato and pepper plants were grown in a glasshouse
under natural light conditions. Three-week-old seedlings
were transplanted at a rate of one plant per pot filled with
5000 g of air-dried soil. Some characteristics of the soil
were as follows: texture loam, calcium carbonate (CaCO3)
6.02%, pH (1:2.5 water) 7.68, EC 0.2 dS m−1, organic matter 0.76%, total N 0.20%. The concentration of ammonium
acetate (NH4OAc)-extractable K, Ca and Na were as follows (mg kg-1) 378, 4800 and 60 respectively. Sodium bicarbonate (NaHCO3)-available P was 14.25 mg kg−1, and
DTPA-extractable Zn, Fe, Cu and Mn were as follows (mg
kg-1); 0.57, 5.24, 0.48 and 33 respectively. After one day
seedling transplantation, treatments were applied to have
divided three for seedlings adaptation to stress conditions.
For fresh matter used for assay, samples were taken fully
matured leaves from tomato and pepper plants chosen at
random. All the measurements with fresh matter were carried out during the last week before harvesting. After the
60 d of growing period, all plants were harvested with a
knife by cutting at the joint point of fine roots to the main
stem. The rest of the plants were weighed for the fresh
weight determination. They were then dried in an airforced oven at 65 0C until constant mass was reached, and
then weighed dry weight determination.
2.2 Plant measurement and statistical analyses

Stomatal resistance measurements: Stomatal resistance (SR) of the plants was measured by a ΔTAP4
Porometer (DELTA-T DEVICES, UK). The outer leaves
were used in the SR measurements. Measurements were
made on three leaves in each plant in the morning (10.30–
11.30 a.m.) at a steady photon flux density (>250 mmol m2 -1
s ), while leaf temperature varied between 18 and 20 0C.
Determination of H2O2, proline and ascorbic acid:
Hydrogen peroxide was estimated with titanium reagent
[17]. Titanium dioxide (1 g) and 10 g of potassium sulfate
were mixed, and boiled with 150 mL of concentrated sulfuric acid for 2 h on a hot plate. The digested mixture was
cooled and diluted to 1.5 mL with distilled water, and used
as titanium reagent. Sample preparation and H2O2 estimation
was performed as described by Mukherjee and Choudhuri
[18]. Leaf material (0.5 g) was homogenized in 10 mL of cold
acetone (90% v/v). The homogenate was filtered through
Whatman no. 10 filter paper. Titanium reagent (4 mL) was
added to the filtrate, followed by 5 mL of concentrated ammonium solution to recipitate the peroxide–titanium complex. The reaction mixture was centrifuged in a refrigerated
centrifuge for 5 min at 10.000 g, 40C, and the supernatant
was discarded and the precipitate was dissolved in 10 mL
of 2M H2SO4. It was re-centrifuged to remove the undissolved material and absorbance was recorded at 415 nm.
Concentration of H2O2 was determined using a standard
curve plotted with known concentration of H2O2.
Proline was determined as described by Bates et al.
[19]. Leaf tissues (250 mg) were rinsed three times with
distilled water and the stoppered tubes with 10 ml water
placed in a boiling water bath for 10 min to extract the hot
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water-soluble compounds. An aliquot of water extract was
treated with ninhydrin reagent. Toluene phase was decanted
and the absorbance was recorded at 520 nm. The concentration of proline was calculated from a standard curve plotted
with known concentration of L-proline as standard.
Ascorbic acid was estimated as described by Mukherjee and Choudhuri [18]. Leaf tissue (250 mg) was extracted
with 10 ml of 6% TCA. An aliquot (4 ml) of the extract
was mixed with 2 ml of 2% dinitrophenyl hydrazine (in
acidic medium) followed by the addition of 1 drop of thiourea (in 70% ethanol). The mixture was boiled for 15 min
in a water bath, and after cooling to room temperature, 5 ml of
80% (v/v) (0°C) H2SO4 was added to the mixture at 30°C (in
an ice bath). The absorbance was recorded at 530 nm. The
concentration of ascorbic acid was calculated from a standard curve plotted with known concentration of ascorbic
acid.
Determination of lipid peroxidation and relative water content (RWC): The level of lipid peroxidation was
measured in terms of malondialdehyde (MDA) content, a
product of lipid peroxidation, leaf sample (0.5 g) was homogenised in 10 mL of 0.1% trichloro acetic acid (TCA).
The homogenate was centrifuged at 15.000g for 5 min. To
1.0 mL aliquot of the supernatant 4.0 mL of 0.5% thiobarbituric acid (TBA) in 20% TCA was added. The mixture
was heated at 95 oC for 30 min and then quickly cooled in
an ice bath. After centrifugation at 10.000 g for 10 min, the
absorbance of supernatant was recorded at 532 nm. The
value for non-specific absorption at 600 nm was subtracted.
The amount of MDA–TBA complex (red pigment) was calculated from the extinction coefficient 155 (mM-1 cm-1) [20].
All spectrophotometric measurements were carried out
by spectrophotometer (Shimadzu UV-VIS, Japan).
For relative water content (RWC) determinations, the
samples were also weighed immediately as fresh weight
(FW), and then floated on distilled water for 4 h. The turgid
leaves were then rapidly blotted to remove surface water
and weighed to obtain turgid weight (TW). The leaves were
dried in the oven at 60 0C for 24 h and then dry weight
(DW) obtained. The RWC was calculated by formula given
in [21]:
RWC (%) = (FW – DW)/(TW – DW)x100.
The experiments were designed as completely randomized with four replications. The experimental data
were analyzed by ANOVA and the differences were compared by Least Significant Difference Test (LSD) at alpha
0.05.
3. RESULTS AND DISCUSSION
3.1 Plant growth

The ionic and osmotic effects of NaCl and fertilizer induced salinity on fresh and dry weight (g) of tomato and
pepper plant are shown in Table 1. In tomato plant, NaCl

and fertilizer induced stress caused to decrease plant fresh
and dry weight creating significant differences compared
to controls. In pepper plant, NaCl salinity significantly decreased fresh and dry weight, fertilizer induced salinity also
decreased fresh and dry weight, however, was not found statistically significant compared to control. The growth reduction in fresh and dry weights of tomato plant occurred at approximately 80% and 73% decreases with NaCl treatment
compared to control, and approximately 55% and 57% decreases with fertilizer induced salinity, respectively. The
growth reduction in fresh and dry weights of pepper plant
occurred at approximately 57% decreases with NaCl treatment compared to control, and approximately 27% and
18% decreases with fertilizer induced salinity. The suppression of plant growth under saline conditions may either
be due to osmotic reduction in water availability, which
was supported by stomatal resistance values of the plants,
or to excessive ions accumulation in plant tissues.
Salinity-induced growth reduction has been well documented in several plant species by many researchers; red
raspberry [13], tomato and cucumber [22], lettuce [23],
pepper [24], tomato [25], and carrot [26].
3.2 Proline, lipid peroxididation (MDA) and ascorbic acid concentrations

The effect of NaCl and fertilizer induced salinity on proline, lipid peroxidation (MDA) and ascorbic acid concentrations of tomato and pepper plant are given in Table 2. Both
NaCl and fertilizer induced salinity significantly increased
proline concentration of tomato and pepper plants. Understanding the biosynthesis, degradation, transport and role
of proline during stress and signaling events that regulate
stress induced accumulation is vital in developing plants
for stress tolerance. An increased proline level is a common
response of plants to stress treatments by reported that Jaleel
et al. [27], Eraslan et al. [23,26] , and Turan and Aydin [28].
TABLE 1 - The effect of NaCl and fertilizer induced salinity on fresh
and dry weight (g) of tomato and pepper plants
Treatment
Fresh weight (g)
Dry weight (g)
Tomato
Control
28.30 a
212.1 aa
41.1 c
NaCl
7.54 b
94.3 b
Fertilizer
12.16 b
**
F-test
**
Pepper
Control
5.36 a
40.23 a
NaCl
2.26 b
16.98 b
Fertilizer
4.35 a
29.14 a
F-test
*
**
(*: p<0.05, **: p<0.01, a: values with the same column are not statistically
significant (Duncan multiple range test, P ≤ 0.05). The values are means
of four replicates).

Lipid peroxidation (MDA concentration) of the tomato
leaves increased statistically significant with fertilizer induced stress, but MDA concentration of the pepper leaves
not affected by NaCl and fertilizer induced stress (Table 2).
The increases in MDA concentration can be correlated whit
the accumulation of ions and active oxygen species (AOS)
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production under salt stress. This is in agreement with the
result of Jaleel et al. [27], and Gunes et al. [29].
TABLE 2 - The effect of NaCl and fertilizer induced salinity on proline
(mmol kg-1 FW), lipid peroxidation (MDA, nmol g-1 FW) and ascorbic
acid (mmol kg-1 FW) concentrations of tomato and pepper plants
Treatment

Proline
(mmol
FW)

kg-1

MDA
(nmol
FW)

g-1

Ascorbic Acid
(mmol
kg-1
FW)

Tomato
Control
4.90 b
10.66 b
2.17 ba
6.27 a
NaCl
6.65 b
11.38 b
6.23 a
Fertilizer
9.42 a
14.73 a
**
F-test
**
**
Pepper
Control
7.55
14.83
1.54 b
NaCl
8.45
17.51
2.92 a
Fertilizer
8.04
19.02
3.50 a
F-test
ns
ns
**
(*: p<0.05, **: p<0.01, ns: non significant, a: values with the same column
are not statistically significant (Duncan multiple range test, P ≤ 0.05). The
values are means of four replicates).

The ascorbic acid concentrations of tomato plants increased significantly with fertilizer induced salinity compared to control. As for ascorbic acid, concentrations of
pepper plants increased with salt treatment, however this
increase was not found to be significant (Table 2). Ascorbic acid, a non-enzymatic antioxidant, is associated with
H2O2 scavenging via APX [30]. A role for increased ascorbic acid content in amelioration of oxidative stress has also
been reported by Sairam et al. [31] and Panda and Upadhyay [32].
3.3 Relative water content (RWC), hydrogen peroxide (H2O2)
concentration and stomatal resistance (SR)

The ionic and osmotic effects of NaCl and fertilizer induced salinity on relative water content (RWC), hydrogen
peroxide (H2O2) concentration and stomatal resistance
(SR) of tomato and pepper plant are presented in Table 3.
Both NaCl and fertilizer induced salinity were not affected
statistically significant relative water content of tomato and
pepper plants. Neocleous and Vasilakakis [13] have reported
that RWC was decreased only for higher salt concentration.
Sairam et al. [33] and Ghoulam et al. [34] have concluded
that salt treatment induced a reduction in leaves RWC.
Hydrogen peroxide (H2O2) concentration in the leaves
of tomato and pepper plant significantly increased both
NaCl and fertilizer induced salinity. Fertilizer induced salinity more increased than NaCl salinity H2O2 concentration of pepper plant (Table 3). Several studies have stated
that H2O2 can act as a mobile signal, alerting the plant to
various biotic and abiotic threats [35]. Zhua et al. [16] have
reported that salt stress significantly increased H2O2 content in the leaves of cucumber plant. Similar reports were
also given by Sairam et al. [33], and Eraslan et al. [23].

According to Gunes et al. [36], measurement of leaf stomatal resistance provides determining the degree of stress
in plants under salt stress. Stomatal resistance of the plants
increased with the increasing NaCl in the nutrient solution
that could be explained by the reduction of water use efficiency under saline condition. In our previous studies, leaf
stomatal resistance increased under saline condition have
been reported [23,26].
As a conclusion, the results of this study showed that
similar to NaCl salinity, fertilizer- induced salinity significantly reduced the fresh and dry weights of tomato and
pepper plants. Both NaCl and fertilizer induced salinity
caused significant increases in proline, MDA, ascorbic acid
and H2O2 accumulation, and stomatal resistance of the
plants. Relative water content of the plants was decreased
by NaCl salinity, but, was not found statistically significant. Salinity achieved by NaCl and fertilizer altered plant
growth and plant physiological processes ionically and osmotically in a similar manner.
TABLE 3 - The effect of NaCl and fertilizer induced salinity on relative water content (RWC, %), hydrogen peroxide (H2O2, mmol kg-1
FW) concentration and stomatal resistance (SR, s cm-1) of tomato and
pepper plants
Treatment

RWC
(%)

H2O2
(mmol
FW)

kg-1

SR
(s cm-1)

Tomato
Control
14.92 ba
2.06 b
84.0
22.70 a
NaCl
8.01 a
77.4
23.79 a
Fertilizer
4.98 ab
84.4
*
F-test
*
ns
Pepper
Control
16.63 c
3.62 b
84.6
NaCl
21.14 b
14.13 a
81.2
Fertilizer
27.99 a
14.62 a
83.7
F-test
**
**
ns
(*: p<0.05, **: p<0.01, ns: non significant, a: values with the same column
are not statistically significant (Duncan multiple range test, P ≤ 0.05). The
values are means of four replicates).
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ULTRAVIOLET IRRADIATION OF A
MESOPOROUS TIO2MEMBRANE FOR REMOVING
ORGANOPHOSPHORUS PESTICIDES FROM WATER
Peng Wang, Dongsu Bi*, Yong Chen and Jun Li
Environmental Research Institute of Shanghai Institute of Technology, Shanghai 200235, P. R. China

ABSTRACT
Organophosphate pesticides pose a serious threat to
aqueous environments. Herein, a mesoporous TiO2 membrane (MTM) catalyst was examined for the removal of organophosphate pesticides dichlorvos, acephate, and
chlorpyrifos from aqueous systems under ultraviolet (UV)
irradiation. The photocatalytic degradation rates of the pesticides in the absence of catalyst decreased in the following
order: dichlorvos>acephate>chlorpyrifosregardless of the
UV irradiation intensity. At a UV irradiation intensity of
1000 W, the photocatalytic reaction velocity coefficients of
dichlorvos, acephate, and chlorpyrifos over MTM catalyst
were 0.0365, 0.0133 and 0.0076 min−1, respectively. The
photocatalytic degradation rates of MTM were higher than
those of a mesoporous SiO2 membrane. The initial filtration removal rates of the pesticides by MTM were 42–65%.
The filtration removal rate rapidly increased with increasing UV irradiation times, suggesting that the photocatalyticperformance of the MTM catalyst is appropriate for water
treatment. The change in the absorbance at 254 nm indicated
that UV irradiation of MTM alleviated membrane fouling.
These findings show that MTM has good potential for treatment of aqueous organophosphorus pesticides.
KEYWORDS:organophosphorus pesticides, mesoporous TiO2
membrane, UV irradiation, water treatment

1. INTRODUCTION
Organophosphorus pesticides are widely used in agricultural regions of China and pose a threat to aqueous environments. Approximately 30 pesticide residues have
been detected in sediments of the Guanting water reservoir
(Beijing, P. R. China) [1, 2]. Thus, methods for removing
organophosphorus pesticides from water are important for
improving and maintaining environmental water quality.
Membrane filtration is commonly used to remove organophosphorus pesticides from wastewater [3-5]. Reverse
* Corresponding author

osmosis membranes can remove most organic pesticides,
however, these have high operating costs. Nanofiltration (NF)
membranes can efficiently retain organics, however, owing to
the influence of size exclusion and hydrophobic interactions,
NF cannot efficiently remove pesticides [6]. Catalytic oxidation is also often used to pretreat pesticides in wastewater. Using TiO2 under ultraviolet (UV) exposure can lower the chemical oxygen demandof wastewater containing chlorpyrifos,
cypermethrin, and chlorothalonil by ~50% [7]. ZnO is also an
alternative inorganic catalyst for treating water [8], however it
tends to be less effective than TiO2 [9].
Combining membrane filtration and catalytic oxidation treatmentscan achieve good performance for removing
pesticides from water. However, membrane fouling during
the treatment of organic wastewater is common [5]. TiO2
powder may be added to hydraulic structures to improve the
catalytic oxidation efficiency of aqueous pollutants. However, this powder tends to be washed away and hence cannot
be effectively recycled [9, 10]. To overcome such problems,
TiO2can be fixed to a membrane surface. Additionally,
membrane fouling can be alleviated by catalytic oxidation
of TiO2 upon UV irradiation.
Mesoporous materials have received much attention
because of their high specific surface areas. In the current
study, a mesoporous TiO2 membrane (MTM) and a mesoporous SiO2 membrane (MSM) were prepared by assembling mesoporous TiO2 or SiO2 into polyvinylidene fluoride (PVDF) microfiltration membranes, respectively. The
photocatalytic degradation of dichlorvos, acephate, and
chlorpyrifos over MTM and MSM was examined. The filtration separation of the pesticides by MTM and MSM under UV irradiation (λ = 365 nm) was also investigated. The
PVDF microfiltration membranes maintained their integrity during the photocatalytic process.
2. MATERIALS AND METHODS
2.1. Materials

MTM and MSM were prepared by respectively assembling mesoporous TiO2 and SiO2 into PVDF microfiltration membranes. Assembly was achieved using a hydro-
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thermal process as reported previously [11-13]. The properties of MTM, MSM, and PVDF membrane are listed in
Table 1. Scanning electron microscope (SEM) images of
MTM, MSM, and PVDF membrane are shown in Fig. 2.
Water samples were prepared by dispersing dichlorvos
(77.5%), chlorpyrifos (48%), or acephate (30%) in deionized water to give pesticide concentrations of 500 µg/L to
simulate municipal wastewater. The molecular structures
of the three pesticides are shown in Fig.1.
2.2. Methods
2.2.1. UV irradiation experiment.

Water samples (100 mL) were placed in a photochemical reactor (BL-GHX-V, Shanghai Bilon Instruments Co.,
Ltd., Shanghai, China). The UV irradiation dose was adjusted to 300, 500, or 1000 W using a micro controller. The
pesticide concentrations in the water samples were measured at regular intervals.
2.2.2. Photo-oxidation by MTM and MSM.

MTM or MSM (membrane working area: 7.85 × 10−3 m2)
was immersed in 100 mL water. The water samples were

immediately placed in the photochemical reactor and subjected to 1000 W UV irradiation. The concentration of the
organophosphorus pesticides in the water samples was
measured at regular intervals.
2.2.3. Filtration separation by UV-irradiated MTM and MSM.

Filtration separation using MTM and MSM was performed under negative pressure. A suction apparatus was
placed in the photochemical reactor device and the UV irradiation intensity was adjusted to 1000 W. Filtration separation by MTM and MSM was also conducted without
UV irradiation as a control. The concentration of the organophosphorus pesticides in the water samples was measured at regular intervals.
2.3. Analysis

The absorbance at 254 nm (UV254, characteristic absorption wavelength of most organic material) was measured using a spectrophotometer (TU-1810, Beijing Purkinje
General Instrument Co., Ltd., Beijing, China).The dichlorvos, chlorpyrifos, and acephate concentrations were determined on a Shimadzu GC/MS-QP2010SE instrument (Japan),

FIGURE1 -Molecular structures of the three pesticides.

TABLE 1 -Properties of MTM, MSM, and PVDF membrane.
Membrane
PVDF

a

Type
Hydrophobic

Contact
angle/ °

Range

Aperture/ nm
Average

110–135

220

220

MSM

Hydrophilic

65–78

3–15

6

MTM

Hydrophilic

50–68

1–12

3.5

b

c

FIGURE 2 -SEM images of (a) PVDF membrane, (b) MTM, and (c) MSM.
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equipped with a 30 m × 0.25 mm × 0.25 µm Rtx-5MS analysis column [7, 14, 15]. The samples were extracted with
dichloromethane (20:1) and reserved by anhydrous sodium
sulfate. The operating conditions were as follows. The column was initially held at 60 °C for 1 min and then the temperature was increased at a rate of 15 °C/min to 200 °C,
followed by 2 °C/min to 220 °C. The temperature was
maintained at 220 °C for 1 min. The temperature was then
increased at a rate of 15 °C/min to 270 °C, after which it
was maintained at 270 °C for 5 min. The injection volume
was 1 µL and the temperatures of the injector and detector
were maintained at 230 and 250 °C, respectively. Analyses
were carried out in triplicate and all chemicals used in the
analyses were of analytical grade.
3. RESULTS AND DISCUSSIONS
3.1. UV irradiation experiments

The removal of the three pesticides as a function of
time under varying UV irradiation intensities in the absence of catalyst is shown in Fig. 3. The dichlorvos removal rates after 3 h of UV irradiation were 96, 98, and
100% at intensities of 300, 500, and 1000 W, respectively.
The chlorpyrifos removal rates after 8 h of UV irradiation

were 72, 96, and 100% at intensities of 300, 500, and 1000 W,
respectively. The acephate removal rates after 7 h of UV irradiation were 84, 98, and 100% at intensities of 300, 500,
and 1000 W, respectively.
The photochemical reaction velocity coefficients and
correlation coefficients of the pesticides under different
conditions were determined by fitting the experimental
data with the first-order kinetics model, and are summarized in Table 2. The photochemical reaction velocity coefficients decreased as follows: dichlorvos>acephate>
chlorpyrifos for all irradiation intensities. The rate of the
photochemical reaction was closely related to the molecular structures of the pesticides, which are shown in Fig. 1.

6

Both dichlorvos and acephate contain 5 conjugated systems with the same number of atoms. However, steric hindrance of the P‒N‒C bond in acephate is higher than that
of P‒O‒C in dichlorvos. A greater steric hindrance leads to
a more stable molecular structure. Therefore, dichlorvos
was more easily photo-oxidized than acephate. Chlorpyri-

 11

fos contains a 8 conjugated system, with more atoms
than in acephate. A larger conjugated system leads to a
more stable molecular structure. Therefore, chlorpyrifos
was more difficult to photo-oxidize than acephate.

FIGURE 3 -Removal of (a) dichlorvos, (b) chlorpyrifos, and (c) acephate as a function of time under different UV irradiation intensities in the
absence of catalyst. Error bars represent standard deviations.
TABLE 2 -Photochemical reaction velocity coefficients and correlation coefficients.
UV/ 300 W
K1/ min

−1

UV/ 500 W
2

R

UV/ 1000 W
2

R

MTM + UV/ 1000 W
2

R

2

R

MSM + UV/ 1000 W
R2

Dichlorvos

0.0088

0.98862

K2 /
min−1
0.0194

0.98761

K3 /
min−1
0.0326

0.99332

K4 /
min−1
0.0365

0.96935

K5 /
min−1
0.0331

Chlorpyrifos

0.0022

0.98890

0.0050

0.98535

0.0060

0.98727

0.0076

0.98318

0.0063

0.98277

Acephate

0.00442

0.98841

0.0075

0.99836

0.0111

0.99821

0.0133

0.99405

0.0115

0.99001
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FIGURE 4 -Removal of (a) dichlorvos, (b) chlorpyrifos, and (c) acephate by photo-oxidation over MTM and MSM. Error bars represent
standard deviations.

3.2. Photo-oxidation of pesticides over MTM and MSM

The removal of the three pesticides as a function of time
by photo-oxidation over MTM and MSM under 1000 W irradiation is shown in Fig. 4. The rates of removal by photo-oxidation over MTM were higher than those over MSM for
all three pesticides. Additionally, the rates of removal by
photo-oxidation over MTM were higher than those observed via UV irradiation in the absence of membrane catalyst (comparison with Fig. 3). Conversely, the rates of removal by photo-oxidation over MSM and with 1000 W UV
irradiation in the absence of MSM were comparable.
The photochemical reaction velocity coefficient K5
was comparable with K3 for all three pesticides, which indicates that MSM did not accelerate the photochemical reaction. However, K4 of the pesticides was 12–27% higher
than K3 and K5. This finding suggests that MTM accelerated the photochemical reaction because of photocatalysisaction by mesoporous TiO2. Rahman et al. [16] used a 125
W medium-pressure Hg lamp and 1 g/L of titanium dioxide
Degussa P25 to treat dichlorvos, and the resulting velocity
coefficient was 0.039047 min−1. A 1000 W high-pressure
Hg lamp was used in the current study that provided greater
energy. Thus, reaction velocity coefficient K4 in the current
study was comparable with that reported by literature [16]
though the amount of TiO2 in MTM was less than that in P25.
Liu et al. [17] reported a velocity coefficient of 0.0382
min−1for the degradation of chlorpyrifos in the presence of 100
mg/L TiO2 particles. This value is larger than the obtained
K4 (Table 2), thereby indicating that the catalytic efficiency of
MTM was lower than that of the TiO2 particles. This result
was attributed to the reduced contact area and lower amount
of TiO2 in MTM. Echavia et al. [10] used a 6 W Hg lamp

and 56 g/L nano-TiO2 under 100 mL/min aeration to treat
acephate. The resulting velocity coefficient was 0.0106 min−1,
which was slightly lower than K4 (0.0133 min−1). The use of
large amount of TiO2 and continuous aeration greatly increased the contact area, so that although the 6-W source
provided less energy than that of the source used in the current study, the degradation of acephate was similarly fast.
3.3. Filtration separation and UV irradiation of pesticides over
MTM and MSM

The removal amounts of dichlorvos, chlorpyrifos, and
acephate by MTM in a single filtration separation experiment were 52–65, 55–68, and 42–55%, respectively. The
corresponding results using MSM were 30–42, 38–48, and
25–36%, respectively. The removal of pesticides by filtration separation using MTM and MSM under 1000 W UV
irradiation as a function of time are shown in Fig.5. The
initial rate of removal by MTM was significantly higher
than that by MSM, in agreement with the control experiment. As observed, 100% of dichlorvos, chlorpyrifos, and
acephatewere removed by MTM after 1.5, 7, and 4 h, respectively. Conversely, the same removal percentage using
MSM was achieved after 2, 8, and 6 h, respectively.
NF membrane treatment is widely used to remove pesticides from aqueous systems [4, 5]. The removal rate of
the membrane is related to its aperture. Smaller apertures
generally lead to the removal of higher amounts of pollutants, but also increase membrane fouling [18]. The initial
removal rates of the three pesticides shown in Fig. 5 correlated well with the results of the single filtration separation
control experiment. Jung et al. used NF membranes to remove 10 aromatic pesticides, and reported removal rates of
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41–88.4% [19]. Kiso et al. [20]used four NF membranes
with desalination rates of 92, 60, 51, and 15% for the purification of dichlorvos; the removal rates were 86.7, 46.2,
13.0, and 4.28%, respectively. These values are comparable with the initial removal rates achieved in the current
study although the aperture of the NF membrane used by
Kiso et al. was slightly larger than that of MTM. This observation indicates that the separation performance of

MTM or MSM was not restrained by the mesoporous material assembly process. Changes in the membrane contact
angle before and after assembly indicate that MTM and
MSM were hydrophilic despite the hydrophobic property
of the base PVDF membrane. These changes contributed
to the filtration of water and improved the pollutant removal efficiency.

FIGURE 5 - Removal of (a) dichlorvos, (b) chlorpyrifos, and (c) acephate by MTM and MSM via filtration separation and UV irradiation
(1000 W). Error bars represent standard deviations.

FIGURE 6 -UV254 values of different water samples: A, as-prepared; B, after photo-oxidation over MSM; C, after photo-oxidation over MTM;
D, after filtration by MSM; and E, after filtration by MTM.
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Variations in the removal pesticide amount as a function of filtration time shown in Fig. 5 differed from those
observed for typical NF membranes. Typical NF membranes exhibit a substantial transmembrane pressure increase in the short term rather than an increased pollutant
removal rate. Conversely, no obvious transmembrane pressure increases were observed during the course of the current experiments. The removal rate in the presence of MSM
increased rapidly with time because of the single UV-induced photochemical reaction. The synergistic effect of the
photochemical reaction and catalysis by TiO2 accounted
for the pollutant removal by MTM. The catalysis of pesticide removal by TiO2 in MTM was confirmed in Fig. 4.
The photocatalytic performance of MTM is therefore appropriate for water treatment.
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As mentioned earlier, fouling is an inevitable problem
for typical NF membranes. Conversely, membrane fouling
is expected to be alleviated in MTM owing to removal/degradation of the pollutants promoted by TiO2-photocatalysis. To confirm this hypothesis, changes in UV254 of the
different samples were monitored and the results are shown
in Fig. 6. Compared with water sample A, the UV254 of water sample C decreased by 21, 14, and 13% for dichlorvos,
chlorpyrifos, and acephate, respectively. This finding indicates that the organic pollutants were partially degraded
into inorganic matter. In other words, part of the organic
phosphorus pesticides was mineralized prior to filtration
separation by the membrane. Mineralization of the organic
matter is believed to alleviate membrane fouling. For all
pesticides studied, the UV254 of water sample C was lower
than that of water sample B. This indicates that the TiO2photocatalysis by MTM contributed to the mineralization
of organic matter. Furthermore, analysis of water samples
D and E in Fig. 6 shows that the membrane removed a significant contribution to UV254.
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DIEL VERTICAL MIGRATION OF
ZOOPLANKTON (CLADOCERA, COPEPODA, ROTIFERA)
IN THE KADIKÖY RESERVOIR (EDİRNE/TURKEY)
Hüseyin Güher*
Trakya University, Faculty of Science, Department of Biology, Edirne 22030, Turkey

ABSTRACT
The present study, in which the diel vertical migration
(DVM) of several zooplankton groups found in the Kadıköy
Reservoir, was carried out during a 24-h period from78 May 2012. Vertical zooplankton samples were taken
every 3-h eight times during a 24-h period, at 5-m intervals
from the surface to the bottom, at the approximately the
centre of the reservoir. An examination of zooplankton
samples from the reservoir revealed a total of 36 taxa belonging to the Rotifera, Copepoda and Cladocera. An average of 371170 ind./m3 Rotifera (67%), 122340 ind./m3
Cladocera (22%) and 63928 ind./m3 Copepoda (11%) was
found an average of 557437 ind./m3. The Cladocera and
Copepoda populations were found mostly at 10th m and 15th
m depths during daylight hours (13:00, 10:00, 16:00 and
19:00) and in surface layers during hours of darkness (01:00,
22:00 and 04:00). Generally, significant diel variation was
not found in the Rotifera population. Abiotic factors, chlorophyll-a, time of day and depth significantly impacted the
abundance of zooplankton; moreover, abiotic factors and
chlorophyll-a were controlling factors on the vertical distribution pattern of the zooplankton in the reservoir. In addition, the main physicochemical conditions of the study
area were found suitable for the life cycle of identified zooplankton populations.

KEYWORDS: diel vertical migration, freshwater zooplankton,
Kadıköy Reservoir

Zooplankton distribution is dependent on several factors, such as light intensity, temperature, food level, oxygen saturation and the presence of invertebrate and fish
predation [1-3].
Normal migration behaviour is characterised by the
zooplankton moving to dark hypolimnion during the daytime [2] and moving back to the epilimnion at night, when
the threat of predation by visual predators is reduced and
because the epilimnion is assumed to have a more favourable environment, with a higher concentration or quality of
food, as well as warmer temperatures [4]. Williamson et al.
[5] argue that in freshwater and marine systems with strong
temperature gradients and deep-water chlorophyll maxima,
the DVM patterns for zooplankton are altered. DVM amplitudes in lakes can vary from 5 to 20 m or more and are
influenced by environmental factors that affect water transparency, such as light, dissolved organic carbon concentrations, extreme oligotrophic conditions and ice cover [6, 7].
Despite the extensive study of the DVM of zooplankton, there are many questions that remain unanswered
about the dynamics of zooplankton movements in manmade reservoirs. Although water level fluctuations and related environmental variations occurring within reservoirs
have a considerable effect on the zooplankton community,
studies on the dynamics of zooplankton in reservoirs are
very limited in Turkey [8, 9].
The aim of this study was to understand the DVM
among several zooplankton groups, as well as their relationships with environmental parameters such as dissolved
oxygen, water temperature and Chlorophyll-a in the
Kadıköy Reservoir.

1. INTRODUCTION
Zooplankton is one of the most important group in
aquatic ecosystems. In addition, zooplankton constitutes a
major link between primary production and higher tropic
levels in aquatic ecosystems. An intriguing behaviour exhibited by zooplankton is their vertical movement within
the water column known as diel vertical migration (DVM).
* Corresponding author

2. MATERIAL AND METHODS
2.1 Study Site

The Kadıköy Reservoir is located 20 km from the
south-east of the Turkish city of Edirne, which is in the district of Keşan (approximately between 40048’51’’N and
26047’43’’E). It was built with the aim of flood control and
irrigation and it also provides drinking and domestic water
of the Keşan district. Its average depth is quite variable;
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FIGURE 1 - Map of the Kadıköy Reservoir.

frequent water-level fluctuations vary approximately between 15 m and 34 m (but depth of reservoir did not exceed
20 m in 2012). Although the lake is fed mainly by the
Doğanca Stream it is also replenished by other small
streams and rainfall (Figure 1).

temporal (time of the day) variations on environmental factors and abundance of zooplankton, multivariate analysis
of variance (MANOVA) was conducted. Statistical analyses were performed using SPSS 17.0

2.2 Zooplankton and Water Sampling

3. RESULTS

This study was carried out during a 24-h period from
7-8 May 2012, in the Kadıköy Reservoir. Samples were
taken at the approximate centre of the reservoir, at its deepest point, from a boat at a fixed position. Vertical zooplankton samples were taken every 3 h, eight times during a 24h period (16:00, 19:00, 22:00, 01:00, 04:00, 07:00, 10:00
and 13:00, respectivelly) and at 5-m intervals from the surface to the bottom (surface (0), 5 m, 10 m and 15 m, respectively). Zooplankton samples were taken vertically
with a plankton net (closing net, mesh size 55 μm) and the
samples were preserved in 4% formaldehyde. Zooplankton
were counted under an inverted microscope and zooplankton densities were presented as the number of individuals
per cubic meters (ind./m3). Identification of species was
made by using [10-14].
Water samples for the analysis of environmental variables taken simultaneously with zooplankton samples from
each sampling point were collected vertically using a 1.5L Nansen bottle. Physicochemical parameters, such as water temperature were measured with a thermometer, conductivity were measured with a Lovibond CM 35 mark of
conductivity meter, pH were measured with a Lovibond
mark CG 837 type of pH meter and dissolved oxygen were
measured with a Lovibond mark 3040 model of oxygen
meter during the sampling period. Chlorophyll-a was calculated by measuring with a Cecil mark of spectrophotometer [15].
Pearson’s correlation was used to test the relationships
among environmental factors, chlorophyll-a and zooplankton groups. To determine the effects of spatial (depth) and

3.1 Physical and Chemical Factors

The vertical profiles of dissolved oxygen, temperature,
electrical conductivity, pH and Chlorophyll-a, at the dates
of sampling are shown in Figure 2. The high oxygen concentration was recorded as 8.9 mg/L from depths of 5 m
and 10 m (at 04:00 and 16:00), and a lower value was recorded as 4.6 mg/L from a 15-m depth at 19:00. An increase
in water temperature was found from the bottom to the surface, and small fluctuations were recorded up to 10 m (average 22.6-24.5 oC) but declined after 15 m (at an average
18 oC). There were no significant differences between pH
values throughout the study; an average pH values between
8.05-8.50 were recorded. Similarly, there were no significant differences between the electrical conductivity values
which were recorded as the averages of 540-557 μS/cm.
The Chlorophyll-a concentration was found to be the highest near the surface layers throughout the day reaching
maxima (average 5 m 11.4 mg/L and 10 m 10.9 mg/L) and
decreasing rapidly to 4.03 mg/L from 15 m. There are
mostly significant correlations among abiotic factors and
chlorophyll-a (Table 1). However, the combined effects of
time of day and depth did not show any significant impact
on physicochemical parameters (Table 2).
3.2 Zooplankton Composition, Abundance and Vertical Distribution

As a result of the examination of zooplankton samples
a total of 36 taxa belonging to the Rotifera, Copepoda and
Cladocera were detected in the Kadıköy Reservoir (Table 3).
As a result of quantitative evaluation of zooplankton sam-
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ples revealed an average of 371170 ind./m3 Rotifera (67%),
122340 ind./m3 Cladocera (22%) and 63928 ind./m3 Cope-

poda (11%) and an average of 557437 ind./m3 zooplankton
organisms was determined in the reservoir.

FIGURE 2 - Some physicochemical values of the water column in the Kadıköy Reservoir at 3-h intervals over a period of 24-h.

TABLE 1 - Pearson’s Correlation for zooplankton grups, depth, time of day (time), chlorophyll-a (Chl-a), water temperature (0C), pH, dissolved
oxygen (DO) and electrical conductivity (EC) in the Kadıköy Reservoir (n=32).

Rotifera

Rotifera

Cladocera

Copepoda

Depth

Time

Chl-a

0

pH

DO

EC

1

0.131

0.436*

0.702**

-0.256

0.636**

0.706**

0.503**

0.406*

0.175

1

0.605**

0.104

-0.087

0.250

0.046

0.208

0.233

0.079

Cladocera
Copepoda

1

0.579

Depth

**

1

Time

0.855**

0.858**

0.686**

0.480**

-0.196

1

-0.045

-0.084

0.341

0.328

-0.512**

1

0.929
1

pH

-0.131

**

-0.174

0.688**

0.513**

-0.148

1

0.527**

-0.202

1

-0.391*

0.735

**

0.379

*

0.608

**

0.505

**

0.000

C

0.516

**

-0.027

Chl-a
0

**

C

DO
EC
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

0.502

1

TABLE 2 - Assessing the effects of spatial (depth) and temporal (time of the day) on physicochemical parameters.
MANOVA
Depth

Time of day

Depth × time of day

32

8

32

Pillai’s trace

1.987

0.811

1.011

Wilks’ lambda

0.008

0.403

0.178

P < 0.05

0.000

0.000

0.512

DF
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TABLE 3 - The list of Rotifera, Cladocera and Copepoda species and individual numbers in per m3in the Kadıköy Reservoir.
Average number (ind./m3)

ZOOPLANKTON GRUPS
CLADOCERA
Diaphanosoma brachyurum (Liévin, 1848)
Bosmina longirostris (O.F.Müller, 1785)
Moina brachiata (Jurine, 1820)
Daphnia pulex Leydig, 1860
Daphnia longispina O.F. Müller; 1785
Daphnia cucullata (Sars, 1862)
Ceriodaphnia quadrangula (O.F.Müller, 1785)
Macrothrix laticornis (Jurine 1820)
Chydorus sphaericus (O.F.Müller, 1776)
COPEPODA
Cyclops vicinus Uljanin, 1875
Acanthocyclops robustus (G.O. Sars, 1863)
Megacyclops viridis (Jurine 1820)
Eucyclops serrulatus (Fischer, 1851)
Thermocyclops crassus (Fischer, 1853)
Eudiaptomus vulgaris (Schmeil 1896)
Cyclopoida larvae
Calanoida larvae
Neupleus
ROTIFERA
Asplanchna priodonta Gosse, 1850
Ascomorpha sp
Trichocerca capucina Wierzejski&Zacharias, 1893
Trichocerca cylindrica (Imhof, 1891)
Trichocerca bicristata (Gosse, 1887)
Trichocerca pusilla (Jennings, 1903)
Trichocerca sp.
Filinia longiseta (Ehrenberg, 1834)
Filinia terminalis (Plate, 1886)
Hexarthra mira Hudson, 1871
Brachionus diversicornis (Daday, 1883)
Brachionus angularis Gosse, 1851
Lecane pyriformis (Daday, 1905)
Lecane lunaris (Ehrenberg, 1832)
Lecane hastata (Murray, 1913)
Lecane closterocerca (Schmarda, 1859)
Polyarthra vulgaris (Carlin, 1943)
Synchaeta oblonga Ehrenberg, 1832
Keratella quadrata (O.F.Müller, 1786)
Keratella cochlearis (Gosse, 1851)
Notholca squamula (O.F.Müller, 1786)

16602
4858
1352
8166
55633
30070
4938
403
318
8762
4181
2290
2103
71
1903
23578
1628
19412
255533
11146
398
179
87
79
79
70734
3503
1194
1399
2149
637
318
637
1911
6051
3981
7244
3741
170

The abundance of zooplankton, based on depth was
found to be 188922 ind./m3 at the water surface (34%),
188252 ind./m3at a depth of 5 m (34%), 110177 ind./m3 at
a depth of 10 m (20%) and 70087 ind./m3 at a depth of 15
m (12%). Cladocera population was found mostly at 10-m
and 15-m depths in during daytime hours (10:00, 13:00,
16:00 and 19:00) and they were found in surface layers in
during hours of darkness (01:00, 22:00 and 04:00). At
07:00 Cladocera demonstrated a homogeneous distribution
in the water column (Figure 3).
According to statistical analysis, significant correlations were detected between zooplankton groups, abiotic
factors, and chlorophyll-a (Table 1). The combined effects
of time of day and depth were showed significant impact
on zooplankton abundances (Table 4).
In the water column a total of nine species belonging
to the Cladocera was recorded. Among these species, the

most common are Diaphanosoma brachyurum, Bosmina
longirostris, Daphnia pulex, Daphnia longispina, Daphnia
cucullata and Ceriodaphnia quadrangular (Table 3). During evening and night-time hours (19:00-22:00 and 01:0004:00) the species D. cucullata and D. longispina were
found mostly at the in water surface and at a 5 m depth,
while during morning and afternoon hours (07:00-10:00
and 13:00-16:00) these species were found at 10-m and 15m depths. D. brachyurum and B. longirostris showed a
similar distribution in the water column. D. pulex and C.
quadrangular exhibited a close homogeneous distribution
in the water column (Figure 4).
The Copepoda group showed a distribution similar to
that of the Cladocera; maximum populations were found in
bottom layers during daylight hours (13:00, 10:00, 16:00
and 19:00), while minimum populations were recorded
during night-time hours in bottom and maximum popula-
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tions in surface layers (01:00, 22:00 and 04:00). Copepoda
showed a homogeneous distribution at 07:00 (Figure 5).

Copepoda were represented with six species, and Cyclopoid copepoda, Calanoid copepoda and nauplius larvae

FIGURE 3 - The vertical distribution of the Cladocera at 3-h intervals in the Kadıköy Reservoir.

TABLE 4 - Assessing the effects of spatial (depth) and temporal (time of the day) on the abundance of zooplankton.
MANOVA
Depth

Time of day

Depth × time of day

DF

32

8

32

Pillai’s trace

3.201

0.634

0.163

Wilks’ lambda

0.018

0.403

0.178

P < 0.05

0.029

0.726

1.000
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FIGURE 4 - The vertical profiles of most common Cladocera species in the Kadıköy Reservoir.

1791

© by PSP Volume 24 – No 5a. 2015

Fresenius Environmental Bulletin

FIGURE 5 - The vertical distribution of the Copepoda at 3-h intervals in the Kadıköy Reservoir.

were found (Table 3). Nauplius larvae and Cyclopoid copepoda for the most part, were found to be abundant at all
depths and at all hours. Nauplius larvae and Cyclopoid copepoda individuals showed a homogeneous distribution in
the water surface to the depth, while Calanoid copepoda
individuals were found mostly at the depths (10 and 15 m)
at all hours. Generally, Cyclops vicinus, Acanthocyclops
robustus, Eudiaptomus vulgaris, and Eucyclops serrulatus
species were found in the lower layers during daylight
hours, while they were found at the upper levels during
daylight hours (Figure 6).

A total of 21 species belonging to the Rotifera was
found in the reservoir; among these species, the most common were Asplanchna priodonta, Filinia longiseta,
Keratella quadrata, Brachionus angularis and Lecane
closterocerca (Table 3) Generally, significant diel variation was not found in the Rotifera population. However, A.
priodonat, F. Longiseta, K. quadrata and B. angularis species were generally found in the surface layers at all hours,
while L. closterocerca was found in the bottom layers (Figures 7 and 8).
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FIGURE 6 - The vertical profiles of most common Copepoda species in the Kadıköy Reservoir.
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FIGURE 7 - The vertical distribution of the Rotifera at 3-h intervals in the Kadıköy Reservoir.
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FIGURE 8 - The vertical profiles of some Rotifera species in the Kadıköy Reservoir.
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large Copepoda and Cladocera groups revealed similar
DVM patterns.

4. DISCUSSION AND CONCLUSIONS
A quantitative evaluation of zooplankton samples from
the in Kadıköy reservoir found Rotifera (67%), Cladocera
(22%) and Copepoda (11%). B. longirostris, D.cucullata,
D. brachyurum from Cladocera, C. vicinus from Copepoda
and A. priodonta, F .longiseta, P. vulgaris and K .cochlearis from the Rotifera were recorded as the most common
species (Table 3). These species are usually considered to
be indicators of eutrophic waters [16]. In addition, Copepoda was the dominant zooplankton group in oligotrophic
waters, whereas Rotifera and Cladocera dominated in eutrophic waters [17]. Reservoirs, as unpredictable and unstable environments, tend to have a eutrophic character,
and Rotifera comprise the predominant group [18]. The
Kadıköy Reservoir is usually considered to have a eutrophic character, and this was supported by the measured
physicochemical features of the water in the reservoir.
Measured environmental parameters in the reservoir’s water were found to be suitable values for a freshwater environment (Figure 2). In addition, all zooplankton groups
showed positively correlation with chlorophyll-a and with
some physicochemical parameters (Table 1). Thus, food
distribution would be a more important factor for the observed distribution of zooplankton groups in the Kadıköy
Reservoir. These results showed a similarity to those obtained during a study of the Tahtalı Reservoir [8].
The zooplankton groups and species that were observed in the Kadıköy Reservoir show varying degrees of
DVM. During night-time hours the Cladocera and Copepoda groups show DVM behaviour in the deep layers and,
during daylight hours at surface. Rotifera did not show any
significant migrations, and they were found to concentrate
in the medium and in the surface layers of the water column. The DVM of zooplankton is regulated by both biotic
and abiotic factors such as temperature, oxygen, food availability, interspecific competition and predation [19, 20,
21]. In the present study, water temperature, dissolved oxygen and Chlorophyll-a values were found to increase from
the bottom to the surface. In addition, the abundance of zooplankton, with respect to depth was shown to increase. D.
brachyurum, D. pulex, and D. longispina from the large
bodied Cladocera and C. vicinus, A. robustus, E. vulgaris
and E. serrulatus from the Copepoda species have been
found to concentrate in the bottom layers in the daytime,
and in the upper layers during the night-time hours, while
the small bodied A. priodonta F. longiseta and K. quadrata
from the Rotifera showed a more uniform distribution in
the water column. Armengol and Miracle [22] found that
Rotifera DVM patterns often do not reflect visual predation
avoidance due to the small size of these species. Visual
predators, such as fish, need light to identify larger zooplankton prey [23]. This light dependency enables zooplankton to avoid fish predation by moving to deeper,
darker waters where visual foraging is reduced [24-27]. In
a study conducted in the Topboğazı Reservoir on DVM [9]
and in the Lake Victoria [28, 29] which focused on the

Conducted in the same geographic region, a study of
the Tahtalı Reservoir reported that none of the zooplankton
groups (Rotifera, Cladocera, and Copepoda) showed any
significant migrations and that all were distributed entirely
throughout the water column, with decreasing abundances
of zooplankton from top to bottom [8]. In the present study,
with respect to the Rotifer species, the small bodied of Cladocera and Copepoda species did not show any significant
vertical migrations, whereas the zooplankton groups were
distributed entirely throughout the water column, with decreasing from top to bottom. However, in contrast to Dorak et al. [8], in the present study of the Kadıköy Reservoir
were found significant vertical migration in the D.cucullata, D.longispina and D. brachyurum from the Cladocera,
as well as in the C.vicinus, E.vulgaris, A.robustus and
E.serrulatus from the Copepoda. These species were found
in lower layers during daylight hours and in upper levels
during hours of darkness. The migratory behaviour of zooplankton largely depends on resource limitation (food),
predator avoidance and on the presence or absence of migratory species in a lake [30]. The third group of zooplankton was found to be as abundant as some species in all periods. These species illustrated the classic DVM behaviour
of rising to the surface at night. However, some species
were found to be very rare; consequently, their DVM patterns remain uncertain.
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AVENA SATIVA CADMIUM CONTENT,
DISTRIBUTION AND TOXICITY IN DEPENDENCE ON
CONCENTRATION OF ZINC AND NICKEL IN NUTRIENT MEDIUM
Jiri Tuma* and Hana Svojanovska
University of Hradec Králové, Faculty of Science, Department of Biology, Rokitanského 62, 500 03 Hradec Králové, Czech Republic

ABSTRACT
In a pot experiment with Avena sativa L. under controlled climabox conditions a research on the effect of increasing concentrations of Zn (50, 500 and 1000 µM) and
Ni (50, 250 and 500 µM) to Cd uptake by roots and its
translocation to shoots was carried out. Cd concentration in
the nutrient medium was uniform - 50 µM. Cd uptake will
be evidently influenced mainly by the Zn/Cd ratio in the
nutrient medium. Doses of Ni in the medium on the other
hand resulted in a slightly higher content of Cd in the roots.
Zn and Ni significantly influenced Cd translocation from
roots to shoots. This can be related to different mobility of
Ni and Zn in the plant. Ni mobility in the xylem is significantly higher than Zn mobility, Cd mobility is probably the
lowest of these elements. While in the variant with the application of only 50 µM of Cd the Cd roots/shoots ratio was
2.00, in the variant with application of the same dose of 50
µM of Cd and Zn the ratio was 1.43, and vice versa in variants with application of 50 µM Cd and Ni, the ratio increased by 2.39. Using higher doses above 500 µM of Zn
and Ni, Cd root/shoots ratio ranged only around 1. At the
highest doses - 1000 µM of Zn and mainly 500 µM of Ni
dose a significant increase of Cd concentration and inhibition in growth of shoots and roots was found concurrently.
Decrease in Cd concentration in other variants could be connected with so-called dilution effect.

The mechanism for the uptake of Cd2+ by the plant root
generally involves competition for absorption sites between the heavy metals and several mineral nutrients [2].
The uptake of Cd from the soil seems to occur mainly via
Ca2+, Fe2+, Mn2+, and Zn2+ transporters [3, 4]. Cd uptake can
be blocked on one side and on the other side Cd can block
uptake of other cations. Interactions between Cd and Zn
have often been described in literature [5-8], while interactions between Ni and Cd are described less often. Regarding mobile anions, this is mainly NO3-, Cl- and SO42- [9,
10]. The results of the experiments [11] suggest that 109Cd
was released much more slowly from roots to leaves, and
then redistributed to the newest leaf phloem, where it was
detected only in trace amounts. Most of the plants studied
have retained >50% of the absorbed Cd in the roots and the
long-distance translocation of Cd may depend on the availability of other elements.
Oats have a set of mechanisms that control the uptake,
accumulation, translocation, and detoxification of Cd and
other metals. Genetic factors affect the variation in Cd level
between cultivars [12-14]. Zn and Ni are essential elements
for the plants. Their mobility in the xylem is different. Ni
mobility it is significantly higher than Zn. The aim of the
work was to find out whether these divalent cations may
affect reception and translocation of nonessential cation
Cd2 + in aboveground plant parts, and also the effect of a
combined application of these elements to phytotoxicity.
2. MATERIALS AND METHODS

KEYWORDS:
cadmium uptake, translocation, toxicity, Avena sativa

1. INTRODUCTION
Cadmium ranks among potentially toxic heavy metals
which enter the food chain typically through the soil [1]. Because of the potential health and economic problems Cd
could represent for the population, research into the effects
of the element’s presence in plants is very important.
* Corresponding author

The pot experiment was carried out under controlled
climabox conditions. Oat plants (Avena sativa L., variety
Atego) were grown hydroponically with fine perlite. Reid
- York's nutrient solution (RY) [15] was chosen as the basic
solution for the plant cultivation. Eight experimental variants in four replications (Table 1) were set up. Zinc was
supplied in the form of ZnCl2, nickel in the form of NiCl2
and cadmium in the form of CdCl2. Transparent plastic pots
sized: 90 x 115 x 65 mm were used. The pots were filled
with perlite and poured with 400 ml of nutrient solution
including doses of heavy metals. 20 seeds were sown into
each container.
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TABLE 1 – Experimental design (scheme of experiment)
Treatment
Treatment type
Cd
No.
(µM)
I.
RY
II.
RYCd50
50
III.
RYCd50Zn50
50
IV.
RYCd50Zn500
50
V.
RYCd50Zn1000
50
VI.
RYCd50Ni50
50
VII.
RYCd50Ni250
50
VIII.
RYCd50Ni500
50
RY - Reid - York's nutrient solution

Zn
(µM)
50
500
1000
-

Ni (µM)
50
250
500

The cultivation took place in a climatic chamber with
controlled light, temperature and humidity regime - brand
Binder. Growth chambers characteristics: 16-h photoperiod; irradiance of 700 µmol (photon) m-2 s-1; air temperature of 21° C; relative humidity of about 80%. The level of
the nutrient solution in trays was regularly supplemented
with demineralized water.
Throughout the whole process of cultivation physiological and health status of individual plants was also observed.
Each experimental container was harvested after 41- day of
cultivation, shoots and roots separately. The roots were
washed in distilled water and subsequently dried. The plant
material was dried at 60° C to constant weight. Individual
samples were ground using a laboratory grinder.
Mineralization of the dried and ground samples was
carried out by means of what is referred to as the “dry combustion method” in a combustion muffle furnace (CALOR
SN 305; MIWY, Lipnik n. Becvou, CZ). The charge of the
samples in the quartz cups was 0.2-1 g. The maximum incineration temperature was 450° C. While it was still warm

600

mg Cd kg‐1 dry matter

500

after combustion, the ash was dissolved in the 5% solution
of nitric acid on the heating plate and was qualitatively
transferred into a calibrated test-tube and supplemented
with demineralized water up to the mark line. The actual
identification of cadmium content was carried out by
means of atom absorption (AAS SOLAAR M5; Thermo
Electron Spectroscopy Ltd., Solaar House, Cambridge,
UK). The limit of identifiability for the atom absorption of
cadmium was 0.050 mg l-1.
The results were statistically processed in Statistica
(StatSoft, CR) - Wilk's lambda test, using MANOVA at a
significance level of P = 0.05 and Tukey HSD test.
3. RESULTS AND DISCUSSION
The Cd content, according to individual variants of the
experiment, separately in dry roots and shoots of oats, is
shown in Figure 1. The figure clearly shows that a significantly higher content of Cd was detected in roots in comparison with shoots. An exception, however, are variants in
which higher doses of Zn and Ni were applied. These variants are marked as RYCd50Zn500, RYCd50Zn1000 and
RYCd50Ni500, where differences in the content of Cd were
insignificant. Results are described in detail in Table 2,
which shows the ratio between the content of Cd in roots and
shoots. While in variant RYCd50 the ratio is 2.00, in variant
RYCd50Zn50 it is 1.43 and vice versa in variants with Ni
this ratio increased: in RYCd50Ni50 to 2.39, and in
RYCd50Ni250 to 2.56. With doses above 500 µM of Zn and
Ni, the ratio ranges only around 1.

Wilk's lambda test MANOVA
significance level of P = 0.05

400
300

Cd content

200

roots

100

shoots

0
‐100

Groups
FIGURE 1 - The cadmium content in roots and shoots of oats after 41- days cultivation depending on Zn and Ni concentrations in nutrient
medium.
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TABLE 2 - The ratio between the content of Cd in roots and shoots
in oat plants depending on Zn and Ni concentrations in nutrient medium
Ratio root/shoot
average
SD
I.
RY
1.65b
0.67
II.
RYCd50
2.00bc
0.15
III.
RYCd50Zn50
1.43ab
0.48
IV.
RYCd50Zn500
1.00a
0.14
V.
RYCd50Zn1000
1.07a
0.21
VI.
RYCd50Ni50
2.39cd
0.44
VII.
RYCd50Ni250
2.56d
0.57
VIII.
RYCd50Ni500
1.15a
0.58
Statistically significant difference Tukey HSD test
a, b, c, d
- P ≤ 0.05
Treatment
No.

Treatment type

When evaluating the content of Cd in different variants
only in roots, there was a significant increase in the content
of Cd in all variants with the application of Cd compared to
the control labelled as RY. On the contrary, variant RYCd50
(406.50 mg Cd kg-1) showed no significant differences in the
content of Cd in variants with Zn or Ni doses. There was
only a significant increase in the content of Cd in roots
among some variants fertilized with Zn and Ni. In variants
treated with Zn, a slight decrease in Cd was observed,
whereas in variants treated with Ni a slight increase in the
Cd content in roots was observed. The only exception was
the variant with the highest dose of Ni - RYCd50Ni500,
where the increase in the content of Cd was insignificant.
Cadmium is mainly accumulated in the roots of plants
(about 60-80%) and its translocation to shoots is limited.
This is confirmed by a number of published works [16-18].
Contribution of our experiment results is also finding that
the ratio of Cd in shoots and roots can significantly affect
other cations and anions. Increased doses of Zn slightly reduced Cd content in roots and contrarily increased its content in the shoots. From the obtained results it can be concluded that increasing Zn concentrations in the nutrient solution inhibits Cd plant uptake, as evidenced by cited works
[5, 19, 20]. Others authors also describe the synergistic relationship between these elements. The divalent Zn2+ions
(and Ca2+ and monovalent H+) present in the soil solution
can occupy the sorption space better than Cd2+ and then
displace Cd2+ into the soil solution [1]. Test plants showed
a high capacity of extracellular Cd binding which was competitively inhibited by copper, nickel and zinc; however,
calcium, magnesium and potassium caused non-competitive inhibition [21]. Cd and Zn uptake will be evidently influenced mainly by the ratio of these elements in the nutrient medium. A mathematical interaction model was created e.g. by [22]. At low concentration, the effects of metals are moderate, and the dynamics appear to be linear.
However, increasing concentrations show nonlinear behaviours.
Doses of Ni in the medium on the other hand resulted
in a slightly higher content of Cd in the roots, which is reflected in a significant increase of Cd content in roots com-

pared with alternatives with a dose of Zn. In contrast to that,
high Ni concentrations can cause inhibition of Cd plant uptake. The reason of this may be an easy uptake of Ni from
the external environment and its strong accumulation in the
plant roots. Other authors [23] found similar results.
In all variants with the application of Cd a significant
increase in the content of Cd in shoots was also found, in
comparison with the control labelled as RY. In contrast
with roots, there was a significant increase in the content
of Cd in variants RYCd50Zn500 (321.25 mg Cd kg-1 ) and
RYCd50Ni500 (366.25 mg Cd kg-1) compared to variant
RYCd50 (202.75 mg Cd kg-1). Significant differences in
the content of Cd were found in variants treated with Zn
and Ni and with the same amount of Cd. In comparison
with RYCd50Zn500 there was a significant reduction of
Cd in variants fertilized with Ni - RYCd50Ni50 (182.25
mg Cd kg-1), RYCd50Ni250 (193.00 mg Cd kg-1).
Zn and Ni significantly influenced Cd translocation
from roots to shoots. This can be related to different mobility of Ni and Zn in the plant. Ni mobility in the xylem is
significantly higher than Zn mobility, Cd mobility is probably the lowest of these elements. This fact might have affected the translocation of Cd due to the fact that all of
these metals are transported in relation to organic acceptors
or chelated acceptors as many authors introduced [11, 2427]. There existed an antagonistic effect between Cd and
Zn, in which increasing Zn or Cd content in nutrient solutions may decrease Cd or Zn accumulation in different tissues of soybean [28].
Only at higher doses of Zn and mainly Ni above 500
µM, a higher Cd content in the shoots was found and the
ratio of roots/shoots was around 1. There seem to be adaptation and detoxification reactions and an increased
transport of substances into the aboveground plant parts, as
Hall calls attention to this [29]. Some authors [30] states
that the movement of Cd in the xylem from roots into
leaves depends mainly on the intensity of transpiration.
It is necessary to have complex point of view at these
processes. Phloem mobility of heavy metals plays also a
significant effect on the content of nutrients in harvested
plant. The primary distribution via the xylem, the retranslocation via the phloem, and the transfer from the xylem to
the phloem must be considered as important processes for
the distribution of an element within a plant. As example,
Riesen and Feller [31] stated wheat - compared with the
other heavy metals, 63Ni showed the highest and 54Mn the
lowest mobility in the phloem. Although 65Zn and 109Cd are
chemically similar, their phloem mobility was different.
At the highest Zn and mainly Ni doses a significant increase of Cd concentration in shoots and roots compared
with the variant RYCd50 was not observed. The significant
growth inhibition (shortening) of these organs was noticed
concurrently. Decrease in Cd concentration in other variants could be connected with so-called dilution effect.

1800

© by PSP Volume 24 – No 5a. 2015

Fresenius Environmental Bulletin

TABLE 3 – The length of oat shoots and roots and their ratio depending on Cd, Zn and Ni concentrations in nutrient medium
Average lenght (mm)
Variant No.

shoot

Variant type

I.
RY
II.
RYCd50
III.
RYCd50Zn50
IV.
RYCd50Zn500
V.
RYCd50Zn1000
VI.
RYCd50Ni50
VII.
RYCd50Ni250
VIII.
RYCd50Ni500
Statistically significant difference Tukey HSD test
a, b, c, d, e
- P ≤ 0.05

root

average
360e
345de
250c
280cd
167b
300cde
265c
85a

SD
11,7
14,1
9,9
12,7
13,4
9,4
9,1
5,7

Gries and Wagner [32] stated that in contrast to Ca and
Cd, Ni did not affect the proton gradient of oat root vesicles, and further, that Cd/H antiport activity was not affected by the Ni presence. Their results indicate the absence of a Ni/H antiport or Ni-nucleotide-dependent pump
in oat root tonoplasts, and support the contention that the
vacuole is not a major compartment for Ni accumulation in
oat roots.
In Table 3 the length of shoots and roots and their ratio
is showed, where phytotoxicity is good characterized. The
results show that plants in variants treated with Zn and Ni
were significantly shortened in comparison with the control variant RY (360 mm) and variant RYCd50. The only
exception was variant RYCD50Ni50 (300 mm). The highest phytotoxicity while applying Cd, Zn and Ni was
demonstrated at the highest Ni and Cd doses, which resulted in plant shortening in variants RYCd50Zn1000 (167
mm) and RYCd50Ni500 (85 mm). The roots showed a significant reduction in variants with application of Ni RYCd50Ni250 (28 mm) and RYCd50Ni500 (11 mm) compared to control RY (71 mm). This corresponds to the ratio
between the length of shoots and roots. While in variants
with Zn this ratio decreased, and vice versa in variants with
Ni it increased compared to control RY or variant RYCd50.
Cd does not have any physiological function in higher
plants, but it is one of the most toxic metals in vascular
plants. Very low concentrations of Cd could have some
temporary stimulatory effects on the growth of plants, but
in higher or very high concentrations they are extremely
toxic [33].
Our results also illustrate that phytotoxicity was not
detected only in variants treated with Cd. On the contrary
to this, in variants simultaneously treated with higher doses
of Ni the growth inhibition of shoots and roots was demonstrated. The variants simultaneously treated with higher Zn
dose showed a significant growth inhibition only in shoots.
Negative impacts of combined effects of Cd and Zn on the
inhibition of a plant growth are described, e.g. by [34-35].
In the course of the experiment, visual symptoms of phytotoxicity were evaluated as well. Significant chlorosis of

average
71c
66c
68c
70c
67c
65c
28b
11a

SD
6,4
5,0
8,6
8,1
12,4
8,3
4,1
2,8

Ratio
shoot/root
5,07b
5,23b
3,68ab
4,00ab
2,49a
4,62b
9,46d
7,73c

leaves in all variants treated simultaneously with Ni
(RYCd50Ni50, RYCd50Ni250, RYCd50Ni500) were observed. Significant chlorotic and necrotic lesions on the
leaves of maize at low and high concentrations of Ni are
illustrated, e.g. by [36].
Some cultivars of oats appear as Cd accumulators [14].
Cd decreases passive permeability to protons of oat roots
[12]. Applied Cd reduced oat growth and chlorophyll content. Changes in the activity of enzymes involved in C, N
and S metabolism were observed. Results show that both
field and hydroponic conditions represent suitable systems
for investigating Cd effects on plant growth and metabolism [13].
4. CONCLUSIONS
Cd content will be evidently influenced mainly by the
Zn/Cd ratio in the nutrient medium. Doses of Ni in the medium on the other hand resulted in a slightly higher content
of Cd in the roots. Zn and Ni significantly influenced Cd
translocation from roots to shoots. This can be related to
different mobility of Ni and Zn in the plant what it reflects
primarily the ratio between the content of Cd in roots and
shoots. While in variant with 50 µM of Cd the ratio is 2.00, in
variant with 50 µM of Cd and 50 µM of Zn it is 1.43 and vice
versa in variants with Ni this ratio increased: in 50 µM of Cd
and 50 µM of Ni to 2.39. With higher doses above 500 µM of
Zn and Ni, the ratio ranges only around 1. Ni mobility in the
xylem is significantly higher than Zn mobility, Cd mobility
is probably the lowest of these elements. At the highest
doses - 1000 µM of Zn and mainly 500 µM of Ni a significant increase of Cd concentration and inhibition in growth
of shoots and roots was found concurrently. Decrease in Cd
concentration in other variants could be connected with socalled dilution effect.
Plants in variants treated with Zn and Ni were significantly shortened in comparison with the control variant and
variant treated with 50 µM of Cd. Variants simultaneously
treated with higher doses of Ni the growth inhibition of
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shoots and roots was demonstrated. The variants simultaneously treated with higher Zn dose showed a significant
growth inhibition only in shoots. Significant chlorosis of
leaves in all variants treated simultaneously with 50 of Cd
and 50, 250 and 500 µM of Ni were observed.

[13] Astolfi, S., Zuchi, S., Passera, C. (2004) Effects of cadmium
on the metabolic activity of Avena sativa plants grown in soil
or hydroponic culture. Biologia Plantarum 48, 413-418.
[14] Tanhuanpää, P., Kalendar, R., Schulman, A. H. Kiviharju, E.
(2007) A major gene for grain cadmium accumulation in oat
(Avena sativa L.). Genome 50, 588-594.
[15] Reid, P. H., York, E. T. (1958) Effects of nutrient deficiencies
on growth and fruiting characteristics of peanuts in sand culture. Agronomy Journal 50, 63-67.
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ABSTRACT
A pilot-scale subsurface wastewater infiltration (SWI)
system for river landscape water treatment has been steadily
operated for more than one year. The purpose of the study
was to investigate the transformations of organic matter and
biofilm spatial characteristic in SWI system. In addition, the
transformations of volatile organic compounds (VOC), dissolved organic matter (DOM), fluorescent dissolved organic
matter (FDOM) were examined by Gas ChromatographyMass Spectrometer (GC-MS), Gel Filtration Chromatography
(GFC) and three-dimensional Excitation–Emission Matrix
(EEM) respectively. Results showed that the average removal
rates of COD and BOD were 43.3% and 66.5%, respectively, at the hydraulic loading of 0.2 m3/(m2·d). Results
indicated that most of VOCs could be removed and the majorities of DOM whose molecular weights were more than
1000 kDa were degraded by SWI system. The viable cell
quantities in the vertical section of SWI system were measured in the study. And the minimum of viable cell number
were observed in the top left section of the system and the
maximum was in the bottom right section, ranging from
140.7 to 328.8×107 cells/g filler. In addition, the biofilm
spatial characteristics were examined by the evaluation of
Scanning Electronic Microscope (SEM) and EEM fluorescence spectroscopy.

KEYWORDS: Subsurface wastewater infiltration system; Biofilms;
Organic matter; Microbial Growth; Spatial distribution

1. INTRODUCTION
As one of ecological treatment technologies, subsurface
wastewater infiltration (SWI) system is an effective process
for wastewater treatment according to the integrated mechanisms of chemical, physical and biological reactions if the
system is carefully designed and managed [1-7]. As an im* Corresponding author

proved subsurface wastewater infiltration system, the SWI
process is a kind of integrated technique including aerobic
and anaerobic processes [8-9]. In the SWI system, the polluted water percolates around the circumference through
the capillary soakage and soil percolation actions. Under
the integrated actions of soil, microbe and plant together,
the organic matter and nitrogen are decomposed. Compared to the conventional activated sludge process, the system has many advantages including excellent performance
of organic matter and phosphorus removal, lower construction, operation costs and easy maintenance and so on [9].
Evaluating the transformation of organic matters is essential to understand the SWI system mechanism for treating landscape water. VOC (volatile organic compound),
DOM (dissolved organic matter) and FDOM (fluorescent
dissolved organic matter) are as the research subjects to
study the transformation of organic matters in this study.
VOCs, in particular the chlorinated solvents such as Trichloroethene (TCE) probably represent the most troublesome class of organic contaminants found in urban groundwater to date. They are dense non-aqueous phase liquids
(DNAPLs) able to penetrate deep below the water table,
inducing to producing point and non-point sources pollution [10, 11].
DOM is heterogeneous and varies in time and space. It
includes all dissolved organic compounds, varying from
low molecular weight (MW) substances to high MW compounds [12]. Some compounds may promote the formation
of harmful byproducts during chlorination of drinking water, and others may act as a substrate for undesired microbial growth in water distribution systems [13]. Consequently, it is crucial to understand the impact of DOM on
water treatment processes by characterizing its physicochemical properties. GFC is a kind of method for characterizing the physicochemical properties by desalting or
buffer exchange [14]. Recently, it has been used for quantitative determination of pollutant concentration in
wastewater [15, 16]. Due to the similar water quality between wastewater and landscape water, the application of
GFC technology to the research on MW of organic matters
in landscape water and in the landscape water treatment
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The objective of this study was to explore the transformations of organic matter including several specific organic matters, in addition, spatial distribution of biofilm
parameters in the SWI system were evaluated by the SEM
and EEM instrument. The study helped further to establish
the operation mechanism of the SWI process.

processes could advance the knowledge on the organic pollutant behaviors and removal pathways. In addition, analysis of fluorescence EEM properties of landscape water is
becoming increasingly widespread [17, 18] and can detect
fluorescence centers attributed to aromatic proteins and humic- and fulvic-like substances at concentrations down to
the ppb level. In all, the removal of specific organic matters, such as VOC, DOM and FDOM, are crucial for studying the purifying of the landscape water.
Biofilm-associated microorganisms play crucial roles
in the biodegradation of environmental pollutants for terrestrial and aquatic nutrient cycling. So it is crucial for spatial distributions of biofilm characteristic to understanding
the mechanism of organic removal in SWI system. In this
study, the biofilm characteristic has been measured by the
viable cell and evaluated by SEM and EEM fluorescence
spectroscopy. Ragusa et al. [19] reported the spatial distribution of biofilm parameters in constructed wetlands.
However, such researches in SWI system of the SWI process are scant, including the transformations of several specific organic matters and the spatial distribution of biofilm
parameters in SWI system.

2. MATERIALS AND METHODS
2.1 Field site location and filler characteristics

A 50 m2 pilot SWI system with a length of 20 m, width
of 2.5 m and depth of 1.0 m was constructed in a village
located in the Chongming Island, Shanghai city, China. The
river landscape water was pumped into distributing pipes
that were installed at the bottom of the distributing slot.
Treated effluent was collected through the collecting pipes
at the bottom of the pilot system. The surface soil of the SWI
system was seeded with rye grass. The system was divided
into two parts, consisting of distributing water section and
filler section. The distribution slot was filled with gravels
whose particle size was in the range 1-2 cm, and the filler
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FIGURE 1 - The diagram of SWI system (a) and sampling spots (b)
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TABLE 1 - The quality of influent
Items
Range
Average

T
(oC)
8-27.3
15.8

pH value
7.5-8.2
7.8

ORP
(mv)
80-185
136

DO
(mg/L)
4.8-9.2
6.9

COD
(mg/L)
21-82
53

section was filled with sand. The particle size the sand
ranged from 0.3 mm to 1 mm, the density was 2.59 g/cm3,
the porosity was 42%, and the specific surface area was
0.9361±0.0025 m2/g. During the experimental period, the
system was continuously fed with river water at a hydraulic
loading of 0.2m/d. The diagram of SWI system is illustrated in Fig.1.
2.2 Quality of influent

The quality of influent landscape water used in the
study, including the hydrochemistry parameters, such as pH,
dissolved oxygen (DO), oxidation–reduction potential (ORP)
and water temperature (T), are shown in Table 1. Affected
by rainfall, the influent concentration fluctuated during the
operation period.
2.3 Sampling

For experiments examining the build-up of biofilm
over time, filler particles were removed from the system
using a sampler and placed into small pre-weighed tubes.
Sixteen sampling spots were installed in longitudinal section of the system. The sampling spots diagram is illustrated in Fig.1. Three particles samples were used for each
assay. Samples used to measure several parameters were
removed from sample containers held in the fridge and then
frozen at -20oC until analyzing.
2.4 Analysis items and methods
2.4.1 Water quality parameters

A MERCK Spectroquant TR420/NOVA60 COD (Germany) meter was used for chemical oxygen demand (COD)
analysis and turbidity was measured by HACH (America)
2100 Turbidimeter. ORP was measured by WTW pH/
ORP3310 analysis meter (Germany). Each sample analysis
was performed in triplicate.
2.4.2 Total viable cell

Total viable cell is expressed as the quantity of phospholipids. Extraction of phospholipids and release of phosphate from phospholipids followed the method of Findlay et
al. [20]. Nanomole concentrations of phosphate released from
phospholipids were determined using the method of Shatton
et al. [21]. Phosphate concentration was then correlated to
viable biomass using the conversion factor, 1 nmol phosphate from phospholipid is proportional to 3.4×107 cells as
determined by Findlay et al. [20].

Turbidity
(NTU)
2.73-12
6.5

TP
(mg/L)
0.06-1.05
0.4

Phosphate
(mg/L)
0.04-0.53
0.13

TN
(mg/L)
0.90-10.2
1.84

0.25 μm film thickness) from Phenomenex (Torrance, CA,
USA). The temperature program used to obtain separation
of the target compounds was as follows: 2min at 60 oC, and
next to 300 oC at the speed of 20 oC/min, and holding for
5 min. The total runtime of the GC program was 19 min.
The temperature of injection port was 250 oC. The sampling volume was 1 μL. The temperatures for transfer line
and ion source were set to 250 and 200 oC, respectively.
The MS was in the electron impact ionization mode (EI) at
70 eV. The scanning ranged from 41 to 400 amu. The GCMS analysis was performed in triplicate.
2.6 Gel filtration chromatography (GFC) analysis

The water samples were filtered with a 0.45 μm-poresize-filter paper, and the filtrates were fractionated by a GFC
analyzer. The GFC system consisted of one Lc-10ADVP
type gel column (SHIMADZU Corporation, Japan). Polyethylene glycols (PEGs) with molecular weight (MW) of
1,215,000 Da, 124,700 Da, 11,840 Da, and 620 Da (Merck
Corporation, Germany) were used as standards for calibration. The sample analysis was performed in triplicate.
2.7 Three-dimensional excitation–emission matrix (EEM) analysis

All the three-dimensional EEM spectra were measured
using a luminescence spectrometry (F-4500 FL spectrophotometer, Hitachi, Japan). The EEM spectra are a collection of a series of emission spectra over a range of excitation wavelengths, which can be used to identify the fluorescent compounds present in complex mixtures. In this
study, the EEM spectra with corresponding scanning emission spectra from 250 nm to 500 nm at 5 nm increments
were collected by varying the excitation wavelength from
220 nm to 400 nm at 5 nm sampling intervals. The excitation and emission slits were maintained at 10 nm and the
scanning speed was set at 1200 nm/min for this study. The
spectrum of deionized water was recorded as the blank.
The software Surfer 8.0 was employed to process the EEM
data. The EEM analysis was performed in triplicate.
2.8 Scanning electronic microscope (SEM) analysis

Scanning electron microscopy (SEM) of all filler biofilm samples were conducted using an XL 30 Field Emission Gun scanning microscope (Philips, Netherlands).
3. RESULTS AND DISCUSSION

2.5 GC-MS analysis

All samples were measured using a Thermo Focus
DSQ (America) GC–MS system. The samples were separated on a HP-5 capillary column (30 m×0.25mm I.D.,

3.1 Performance of sensory improvement

Landscape water transparency and turbidity are the
main indicators of landscape water quality. Increased
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transparency can allow sunlight to pass into the water body
easily, therefore promoting the growth of submerged plants,
which is advantageous to the renovation of the ecosystem,
as well as its ability to rebound in terms of the improvement
in water quality [22]. The turbidity of the river landscape
water originates mainly from a number of sources: turbid
source water, rainwater run-off from pond dike and the discharge of the farmyard wastewater in the island.
During the operation period, the influent turbidity
ranged from 2.73 to 10.3 NTU, the average influent turbidity was 6.4 NTU; the effluent turbidity varied between
0.27 and 1.05 NTU and the average effluent turbidity was
0.50 NTU. The removal efficiency of turbidity ranged from
71.5% to 96.9% (Fig. 2) and the average removal efficiency was 66.6%.
As shown in Fig. 2, the SWI system has the higher turbidity removal efficiency. The removal mechanisms are as
follows: (1) The uniform filler has strong absorption and
filtration abilities for suspended solid which can constitute
for turbidity. The even coarse sand filler has larger specific
area, and absorbs large number of suspended matter. Furthermore, the filler has strong storage ability of pollutant.
(2) A large quantity of biofilm comes into being in surface
of filler. Due to the biodegradation of biofilm, the biodegraded suspended organics can be removed. In addition,
the turbidity can be removed by the absorption of biofilm
which has large specific area. Yang et al. [23] draw a similar result with the higher removal of turbidity in batchscale of SWI system.
3.2 Removal of COD

During the operation period, influent COD ranged
from 14 to 62 mg/L, the average concentration of COD was
40 mg/L; effluent COD varied between 11 and 46 mg/L,
the average concentration of COD was 21.8 mg/L. The removal efficiency of COD ranged from 5% to 74% (Fig. 2),
the average removal efficiency was 43.3%.
The organic matter of water is composed of dissolved
organic matter and granular organic matter, characterized

by DCOD (dissolved COD) and GCOD (granular COD)
respectively. DCOD can be removed by the biodegradation
of microorganism, while the GCOD can be removed by the
synergistic action of the absorption and filtration of filler,
the absorption of biofilm and the biodegradation of microorganism. Resulted showed that COD can be degraded to a
certain degree, but the removal effect was not conspicuous.
For the treatment of the landscape water using SWI system,
the removal rate of GCOD was higher compared to the removal rate of DCOD. Due to the intercept and filtration of
filler, the suspended granular of inlet hold back within the
system, and the biodegraded organic matter could be consumed and transformed by microorganism gradually, so
the GCOD of outlet decreased extremely. In addition, because the influence concentration of the organic substance
and the B/C value (B/C is the ratio of BOD to COD of polluted water, it represents the biodegraded ability of water)
were lower, the COD removal efficiency was not very
high. Due to the low organic loading, the removal efficiency was not evident. In fact, the SWI process could attain higher COD removal with higher organic loading [24].
3.3 GC-MS analysis

Approximately 20 kinds of VOCs were detected in the
influent and effluent by GC-MS, including 17 and 15 kinds
respectively. The degradation and transformation of VOCs
in SWI system were as follows. The variations of VOCs
through SWI process are given in Table 2 and the GC-MS
results are illustrated in Fig. 3.
(1) The concentrations of the majority of VOCs decreased along with the process of SWI. These substances
mostly focused on 2,3-Dimethyl-1-butanol, Isobutyl-methyl-carbinol, 2-Furancarboxaldehyde, S-Tetrachloroethane, S-Tetrachloroethane, n-Nonaldehyde, Triethyl
phosphate, n-Decaldehyde, 2,6-di-tert-butyl-4-methylphenol, Phthalic acid and et al. The variations were depicted in
Table 2 in detail. Results showed that absorption, degradation and transformation existed in SWI process for these
organic substances.
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1807

300

350

400

450

500

© by PSP Volume 24 – No 5a. 2015

Fresenius Environmental Bulletin

TABLE 2 - The variations of VOCs after SWI processing
Organic name

Formulas

2,3-Dimethyl-1-butanol
Isobutyl-methyl-carbinol
2-Furancarboxaldehyde
S-Tetrachloroethane
n-Nonaldehyde
Triethyl phosphate
n-Decaldehyde
2,6-di-tert-butyl-p-benzoquinon
2,6-di-tert-butyl-4-methylphenol
Tributyl phosphate
3,7,11,15-Tetramethyl-2-hexadecen-1-ol
Phthalic acid
Arachic acid
1,2-Benzenedicarboxylic acid
n-Docosanoic acid
3,3,3-Trichloro-1-propene
Butyl diethyl phosphate

C6H14O
C6H14O
C5H4O2
C2H2Cl4
C9H18O
C6H15O4P
C10H20O
C14H20O2
C15H24O
C12H27O4P
C20H40O
C17H24O4
C20H40O2
C24H38O4
C22H44O2
C3H3Cl3
C8H19O4P

Molecular
weight
102
102
96
166
142
182
156
220
220
266
296
292
312
390
340
144
210

Influent
(ug/L)
388.4
315.7
14.4
30.1
1.9
2.9
3.3
4.1
4.9
4.5
3.5
63.5
4.1
13.8
4.5
-

Effluent
(ug/L)
39.7
8.4
5.0
9.0
1.4
1.5
37.4
55.5
2.1
10.2
2.6
4.4
1.5

Variation
↓
↓
↓
↓
↓
↓
↓
↑
↓
↓
↓
↓
↓
↓
↓
↑
↑

(a)

(b)

FIGURE 3 - The GC-MS analysis chart of influent (a) and effluent (b) in SWI system

(2) Results indicated that the concentrations of some
VOCs in effluent were lower than detection limit. These
substances included n-Nonaldehyde, 2,6-di-tert-butyl-4methylphenol, Tributyl phosphate and et al. As a plasticizer,
Tributyl phosphate was a kind of poisonous substance which

can stimulate the backbone nerve system. VOCs, a group
of small molecule organic compounds, can be degraded
through biological treatment technology. In SWI system,
VOCs pass through a packed bed of synthetic inert material
where particular microbes are immobilized to form a thin
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aqueous layer (biofilm). Furthermore, during biodegradation process, biomass accumulates with the degradation of
VOCs. Finally, the small molecule organics can be degraded and transformed into inorganics.
(3) In addition, several organics occurs in the effluent
of SWI process newly, including 2,6-di-tert-butyl-p-benzoquinon, 3,3,3-Trichloro-1-propene and Butyl diethyl phosphate. These substances could be transformed by the other
biodegradable organic through the biodegradation of microorganism in SWI.

extent through the SWI process. For this part of DOM, it
may be due to the degradation and transformation of part
larger molecular weight matter by the purification of SWI
system. Furthermore, the removal effects of DOM whose
molecular weights were less than 20 kDa were obvious extremely, which was attributed to the easy biodegradation of
microorganism in SWI system. Certainly, the molecular
weight DOM less than 1000 kDa, could be transformed
through the interception or absorption action by even filler
as well.

3.4 Transformation of DOM

3.5 Transformation of FDOM

Dissolved organic matter (DOM) including the different molecular weight ranged from dozen to tens of thousands, however, DOM of different sections of molecular
weight presented similar chemical characteristics. It is indispensable to study the molecular weight distributions
characteristics of DOM for comprehending the degradation
mechanism of DOM in SWI process. Gel filtration chromatography (GFC) was applied to determine the molecular
weight distributions of DOM in the influent and effluent.
The results are illustrated in Fig.4.
GFC results indicated that the majority of DOM whose
molecular weights were more than 1000 kDa were degraded and removed by SWI process. The organic matters
mainly consisted of cell wall, polysaccharide, humus of
large molecular weight, nucleic acid and protein et al. The
DOM of larger molecular weights could be partly intercepted by even filler which had larger pollutant-contained
ability. In addition, the other part DOM of larger molecular
weights might transformed into smaller molecular weight
organic by the metabolism process of microorganism. In
all, it can be interpreted through the integrated actions of
absorption and filtration action of filler and biodegradation
of biofilm in filler surface.
In addition, the concentrations of DOM, whose molecular weight ranges from 20 to 1000 kDa, increased a certain

Fluorescent dissolved organic matter (FDOM) is colored dissolved organic substance, and it can affect the color
of water together with plankton and suspended particle
[25]. Due to the significance of removing the landscape
water color, it is essential to remove the FDOM for the purifying of water body. FDOM which can eradiate fluorescence has higher fluorescence efficiency, and it mainly includes humus-like and protein-like fluorescent matter. Protein-like fluorescent matter can be regarded as the credible
index of prosperous microbe activities. The transformations of FDOM were analyzed by EEM. The details
were illustrated in Table 3.
According to results, the tryptophan (A) and tyrosine
(B) protein-like fluorescence groups could be detected in
the influent and effluent. And the intensities of the two
kinds of fluorescence groups of effluent (195 and 203, respectively) were lower than those of influent (236 and 257,
respectively) (Table 3). This change demonstrated the biological transformation of amino acids in the liquid phase
during the biodegraded stage. The changes in intensity are
probably caused by the degradations of the microbe activities in SWI system. Zhang et al. [26] drew the similar conclusion that protein-like substances in DOM were decomposed more quickly using EEM detection technology.
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FIGURE 4 - The molecular weight distributions variations of influent and effluent in SWI system

1809

© by PSP Volume 24 – No 5a. 2015

Fresenius Environmental Bulletin

TABLE 3 - The fluorescence characteristics of influent and effluent
The type of peak
Items
Influent
Effluent

wave（ Ex/Em）
235/350
230/335

Fluorescence
intensity
236
195

protein-like

wave（ Ex/Em）

tryptophan
tryptophan

275/320
275/320

Fluorescence
intensity
257
203

protein-like
tyrosine
tyrosine

TABLE 4 - The characteristics of biofilm parameter in different depth

Viable cell×107
(cells/g filler)

Samples
1
2
140.7 153.1
Depth
30 cm
168.2

3
4
5
6
171.3 207.5 164.2 178.3

7
8
9
10
11
12
204.8 253.0 195.8 228.6 249.5 286.9

50 cm
200.1

70 cm
240.2

3.6 Spatial distributions of biofilm property parameters in SWI
system

The viable cell can represent the quantities of biofilm
felicitously. Hence the viable cell quantities in the vertical
section of SWI system were measured in the study. The viable cell analysis was performed in triplicate. The average
value of three experiment results was as the final result.
As for viable cell number, the minimum were observed
in the top left section of the system and the maximum was
in the bottom right section, ranging from 140.7 to
328.8×107 cells/g filler. And the viable cell quantities in
different depths were 168.2, 200.1, 240.2 and 273.4×107
cells/g filler when the depths of filler were 30, 50, 70 and
90 cm, respectively, listed in Table 4. It was because that
the accumulation of organic matter reduced to the maximum of viable cell number in the bottom with the operation
of system. According to the previous research results of
SWI system, the minimum aqueous rate and VSS (volatile
suspended solid) was in the top left section of the system,
while the maximum was in the bottom right section [27].
The VSS and viable cell number can both represent organic
matter. In addition, the distribution regularity of VSS in
SWI system was that VSS increased gradually from the top
left section to the bottom right section, which was consistent with the aqueous rate and respiration intensity. So
the result confirmed the operational mechanism of SWI
process theoretically.
3.7 SEM micrographs

In order to investigate the biofilm appearance of different depth fillers, the scanning electronic microscope
(SEM) analysis was carried out in the study. A-1 and A-2
represented 120 and 3000 times magnification of the filler
without covered biofilm. B-1, C-1, D-1 and E-1 indicated
the 120 times magnification of filler biofilm in different
depth. And B-2, C-2, D-2 and E-2 indicated the 3000 times
magnification of filler biofilm in different depth (30, 50, 70
and 90 cm), respectively. The SEM analysis charts of different depth of filler biofilm were illustrated in Fig.5.

13
14
15
16
227.2 251.7 285.7 328.8
90 cm
273.4

According to A-1 and A-2, the surface of filler presented
slick, and had scarcely particulate matter, including the covered biofilm. However, the biofilm had come into being in
the surface of filler with the operation time, and the thickness
of biofilm became large with the depth of filler.
As for the depth of 30 cm, the biofilm was incompact
and appeared the interleaving distribution of protruding and
concaving. This phenomenon indicated the lower quantities
of biofilm appeared there. When the depth was 50 cm, the
biofilm characteristic turned into compact, and some pieces
biofilm became connect, in addition, the quantities of biofilm turned into larger. As the depth of filler was 70 cm, the
biofilm characteristic became more compact. The surface
of biofilm had the trend of becoming an integral whole.
When the depth reached 90 cm, approaching the bottom of
SWI system, where the aqueous rate of filler was the highest due to the gravity of water, the biofilm characteristic
became much more compact. Due to the accumulation of
dissolved organic substance in the influent, the biofilm
quantities of 90 cm depth were the largest in SWI system.
SEM results confirmed the spatial distribution of biofilm
property parameters in SWI system.
3.8 EEM analysis of biofilm

Extracellular polymeric substances (EPS) come from
the natural secretions of bacteria, cell lysis and hydrolysis
products [27]. EPS refer to a rich matrix of biopolymers,
polysaccharides and proteins are the main two components. EEM can be used to determine the protein. EEM
peaks have been associated with humic-like, protein-like
and soluble microbial byproduct-like (SMP-like) organic
compounds [28]. In general, peaks at shorter excitation
wavelengths (<250 nm) and shorter emission wavelengths
(<350 nm) are related to simple aromatic proteins such as
tyrosine [29]. Peaks in the range of Ex/Em=240–260 nm/
380–480 nm as well as of Ex/Em= 320–350 nm/400–480 nm
are associated with humic-like substances [30]. The EEM
spectrums of different depth (30, 50, 70 and 90 cm) biofilm
were illustrated in Fig.6.
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FIGURE 5 - The SEM charts of different depth of filler biofilm
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According to Fig.6, the biofilm was dominated tyrosine protein-like. The locations of peaks with different
filler depth lay the same Ex/Em wave ranges approximately, whose all type were tyrosine protein-like. However, the intensities of peaks were not dissimilar, which
were 120, 152, 185 and 240 at the filler depth of 30, 50, 70
and 90 cm. The more fluorescence intensity of EPS was,
the more high concentration of protein was. According to
EEM images, the signal intensities enhanced with the increase of filler depth (from 30 to 90 cm). Moreover, according to SEM micrographs, the biofilm intensity increased, and the surface of filler were from incompact and
compact with the increasing of depth. In addition, the viable cell number augmented from the surface to bottom of
SWI system. The EEM fluorescence with different depth
validated the SEM results, which both confirmed the spatial distribution of biofilm property parameters in SWI system.
4. CONCLUSIONS
The turbidity of landscape water was removed by SWI
process, and the average removal efficiency was 66.6%.
Moreover, the removal effect of COD was not conspicuous, and the average removal was almost 43.3%. The concentrations of the majority of VOCs decreased through the
process of SWI. Interestingly, several organics occurred in
the effluent of SWI process, which transformed by the
other biodegradable organic through the biodegradation of
microorganism. The tryptophan and tyrosine protein-like
fluorescence groups could be detected in the influent and
effluent. And the intensities of fluorescence groups decreased by SWI process. As for viable cell number, the
minimum were observed in the top left section of the system and the maximum was in the bottom right section, with
the range of 140.7-328.8×107 cells/g filler. The EEM fluorescence with different depth validated the SEM results,
which both confirmed the spatial distribution of biofilm
property parameters in SWI system.
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ABSTRACT
Biochar plays a crucial role in mitigation of climate
change, improvement of soil fertility, enhancement of crop
productivity, and remediation of contaminated soil. The
roles of biochar in the environment can be partly ascribed
to the presence of humic-like substances in biochar. In this
study, the quantitative and qualitative characteristics of humic-like substances isolated from a commercial maize (Zea
mays L.) straw biochar were described using chemical and
spectroscopic methods. Compared with raw maize straw,
the carbon contents of humic-like acid and fulvic-like acid
fractions in maize straw biochar were lower, while the carbon content of humin-like fraction was higher. The ratios
of H/C, alkyl C/O-alkyl C, aliphatic C/aromatic C and
hydrophobic C/hydrophilic C were 1.2, 1.1, 0.8 and 2.6 for
humic-like acid from maize straw biochar, and 1.5, 0.2, 2.1
and 0.7 for humic-like acid from maize straw, indicating
that the aromaticity, alkylation and hydrophobicity degrees
of humic-like acid were higher in maize straw biochar than
in maize straw. With respect to humic-like acid, the elemental composition of humin-like fraction was more similar to their respective feedstock. The humin-like fraction in
maize straw biochar was more aromatic and less polar than
that in maize straw. Meanwhile, the humin-like fraction
was also more aromatic and less polar than the humic-like
acid in maize straw biochar. The present study revealed the
essential differences between humic-like substances from
maize straw biochar and raw maize straw. The results are
important for understanding the possible mechanism of biochar functions in the environment.
KEYWORDS: biochar, maize straw, humic-like substances, elemental analysis, 13C NMR.

1. INTRODUCTION
Biochar is the product of the thermal degradation of
organic materials under limited supply of oxygen at relatively low temperature [1]. Biochar has recently gained in* Corresponding author

creasing attention due to its important role in the mitigation
of climate change [2], the improvement of soil fertility [3],
the increase of crop productivity [4], and the remediation
of contaminated soil [5]. However, from the existing studies, the understanding of the mechanisms that are responsible for the functions of biochar is still lacking.
It has been well known that organic materials are rich
natural sources of humic-like substances (HLS) in the environment [6, 7]. The properties of the HLS in organic materials have a profound influence on the functionality of organic materials itself [8, 9]. Considering that biochar is derived from organic materials, the roles of biochar can also
be thought partly ascribed to the presence of HLS in biochar. Therefore, understanding the characteristics of HLS
in biochar is crucial for clarifying the possible mechanism
of biochar functions in the environment.
In previous studies, charred plant materials (charcoal)
have been confirmed to contain HLS. In general, the
NaOH-extractable HLS accounted for 3-49% of total organic matter, depending on the types [10] and particle size
fractions [11] of charred plant residues. Some researchers
have examined the characteristics of HLS extracted from
several kinds of charcoal materials, including Miscanthus
sinensis A., Sasa palmata N., Pteridium aquilinum K., and
Eucalyptus spp., with [11-13] or without [10] chemical pretreatment of charcoal used. They concluded that charcoal
derived humic-like acid (HLA) have similar chemical features to natural pyrogenic derived humic acid. Recently,
Madari et al. [14] and Novotny et al. [15] found that the
application of Eucalyptus sp. charcoal directly influences
the amounts and compositions of humic substances in native soil.
Maize is the third largest cereal crop of the world after
wheat and rice, with an annual production of over 780 million tons [16]. Maize straw (MS) is thus one of the most
important crop residues worldwide [9, 17, 18]. It is estimated that 609 million tons of MS were produced annually
all over the world [17] and about 250 million tons in China
[18]. In recent years, maize straw-derived biochar (MSB)
has been used in both agricultural production and environmental protection [19-21]. The chemical compositions of
MSB are one of the key factors that affect its roles in the
environment. The previous studies have mainly focused on
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the properties of MSB itself prepared under different conditions [22-25]. However, to the best of our knowledge,
data about the quantitative and qualitative features of HLS
in MSB are not available.
The main objectives of this study are 1) to characterize
the HLS isolated from a commercial MSB by using chemical and spectroscopic methods, 2) to compare the differences in the chemical characteristics between HLS from
MSB and MS. The commercial biochar was chosen because it has an important practical application with respect
to biochar materials prepared in the laboratory.
2. MATERIALS AND METHODS
2.1 Materials

The MSB used in this study was a commercial MSB
produced by Beijing United Pioneer Environmental Engineering Co., Ltd., China. Commercial biochars are widely
used in agriculture, chemical industry, and environmental
protection in China. In brief, MS was collected from farmers’ fields after harvesting grain. MSB was produced in a
NF-3D Biomass Slow Pyrolysis Furnace (China) at 450°C
final temperature under continuous batch mode, which
converted 25-30% of the feedstock to biochar. Biochar obtained under the above conditions has been shown to provide a high biochar yield [26, 27], minimize the risk of producing dioxins and harmful polyaromatic hydrocarbons
[3], and possess more desirable soil improvement properties [3]. Both MSB and MS were ground to pass through a
0.25 mm sieve for subsequent analytical determinations.

2.3 Sample analysis

The carbon contents of the water soluble fraction
(WSFC), the total alkaline-extractable humic-like fraction
(HLEC), the acid-insoluble humic-like acid fraction
(HLAC), and the alkaline-nonextractable humin-like fraction (HULC) in MSB and MS were determined through the
K2Cr2O7 oxidation method, whereas the carbon contents of
the acid-soluble fluvic acid-like fraction (FLAC) were calculated by subtracting the HLAC from the HLEC. The pH
values of MSB and MS was determined with a pHS-3C
digital pH meter (China) in a sample:water suspension of
1:10. The elemental composition (C, H, and N contents) of
MSB and MS and their respective HLS fractions was analyzed using an Elementar Vario EL cube elemental analyzer (Germany), and the O content was calculated by mass
difference. Ash content was determined with 800ºC ignition in a muffle furnace for 2 h. Solid-state 13C cross-polarization magic-angle-spinning and total-sideband-suppression (CPMAS TOSS) NMR spectra were recorded on a
Bruker AVANCE III 400 WB spectrometer (Switzerland)
at 100.6 MHz, using a spinning speed of 5 kHz, a contact
time of 2 ms, and a recycle time of 6 s. The spectra were
divided into the following chemical shift regions: alkyl C
(0-50 ppm), O-alkyl C [divided into methoxyl C (50-60
ppm) and carbohydrate C (60-110 ppm)], aromatic C [divided into aryl C (110-145 ppm) and phenol C (145-160
ppm)], and carbonyl C (160-220 ppm). Statistical analyses
were carried out using SPSS 16.0.
3. RESULTS AND DISCUSSION

2.2 Isolation and fractionation of HLS

3.1 Carbon Contents of HLS Fractions in MSB and MS

The HLS was isolated and fractionated from MSB and
MS according to the method described by Zhang et al. [28,
29]. For quantitative analysis, 1 g of each sample was first suspended in distilled water at 70ºC for 60 min, and then subsequently centrifuged. The remaining sample was then extracted
using a solution of 0.1 mol/L NaOH and 0.1 mol/L Na4P2O7
at 70ºC for 60 min. The dark brown alkaline supernatant solution, corresponding to the total alkaline-extractable humiclike fraction (HLE), was separated into the acid-insoluble
humic-like acid (HLA) and the acid-soluble fluvic acid-like
fraction (FLA) fractions by acidifying the alkaline supernatant to pH 1.0 with 0.5 mol/L H2SO4. The alkaline-nonextractable solid residue, i.e., humin-like fraction (HUL),
was washed to neutral with distilled water. For qualitative
analysis, 50 g of each sample was repeatedly extracted with
a solution of 0.1 mol/L NaOH and 0.1 mol/L Na4P2O7.
The HLA was isolated by precipitation with 6 mol/L HCl
added to the alkaline extract until pH 1 was reached, purified by successive NaOH-dissolution and HCl-flocculation
steps, dialyzed against distilled water until it was Cl--free,
and finally freeze dried. After the above alkaline extraction, the insoluble HUL was deashed with 10% HF-HCl
solution, dialyzed against distilled water, and then freeze
dried.

The pH values and total organic carbon contents were
8.68 and 597.2 g/kg for MSB and 5.54 and 432.9 g/kg for
MS, respectively. Data on the carbon contents of the HLS
fractions from MSB and MS are presented in Table 1. The
WSFC, HLEC, HLAC, FLAC and HULC accounted for
0.58%, 2.18%, 1.09%, 1.09% and 95.7% of total organic
carbon in MSB, and 4.57%, 14.6%, 6.05%, 8.52% and
79.0% of total organic carbon in MS, respectively. The
WSFC, HLEC, HLAC and FLAC were all lower whereas
the HULC was higher in MSB than in MS, which implied
that the alkaline-nonextractable rather than alkaline-extractable HLS fractions were responsible for the high carbon content of MSB with respect to MS. The carbon ratio
of humic acid to fulvic acid has been used as an index of
the degrees of polymerization, stabilization and maturity of
organic matter, with a larger value indicating that the degrees of polymerization, stabilization and maturity of organic matter are higher [30, 31]. In the present study, the
HLAC/FLAC ratio of MSB was larger than that of MS,
suggesting that the degrees of polymerization, stabilization
and maturity of organic matter in the former were higher
than those in the latter. Our results may help to explain the
reason that biochar has a high stability.
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TABLE 1 - Carbon contents of humic-like substances (HLS) fractions isolated from maize straw biochar (MSB) and raw maize straw (MS).
Samples
MSB
MS

WSFCa (g/kg)

HLECb (g/kg)

HLACc (g/kg)

FLACd (g/kg)

HULC e (g/kg)

HLAC/FLAC

3.48 ± 0.11 b
19.8 ± 0.45 a

13.0 ± 0.15 b
63.1 ± 0.29 a

6.49 ± 0.53 b
26.2 ± 0.69 a

6.50 ± 0.52 b
36.9 ± 0.98 a

571.7 ± 0.20 b
342.1 ± 0.26 a

1.0 ± 0.2 a
0.7 ± 0.0 b

Mean values ± standard error of four replicates are presented. Values in a column followed by the same letter are not significantly (P < 0.05) different.
a
Carbon content of the water soluble fraction. b Carbon content of the total alkali-extractable humic-like fraction. c Carbon content of the humic-like
acid fraction. d Carbon content of the fulvic-like acid fraction. e Carbon content of the humin-like fraction.

TABLE 2 - Ash contents, elemental composition, and atomic ratios of maize straw biochar (MSB) and raw maize straw (MS) and their respective humic-like acid (HLA) and humin-like fraction (HUL).
Samples
MSB
MS
MSB-HLA
MS-HLA
MSB-HUL
MS-HUL
a

Ash (%)

C (%)a

H (%)a

N (%)a

O (%)a

H/Cb

O/Cb

C/Nb

10.4
7.22
nd
nd
1.77
nd

66.6
46.7
50.6
49.6
75.9
43.9

3.51
6.54
4.95
6.05
3.44
6.21

1.12
0.60
1.61
2.39
1.10
0.07

28.8
46.2
42.8
41.9
19.5
49.8

0.6
1.7
1.2
1.5
0.5
1.7

0.3
0.7
0.6
0.6
0.2
0.9

69.3
90.2
36.8
24.2
80.6
732

On an ash-free basis. b Atomic ratio. nd = non detectable.

In a previous study, Shenbagavalli and Mahimairaja
[32] reported that the HAC and FAC in soil were markedly
higher with than without the addition of prosopis biochar.
Dias et al. [30] observed that there was a higher polymerization degree of HLS in the mixture of poultry manure with
Eucalyptus grandis biochar than with other organic wastes.
3.2 Characterization of HLS Fractions in MSB and MS

The yields (by mass) of HLA from MSB and MS were
1.36% and 4.47%, respectively. The elemental compositions of MSB and MS and their respective HLS samples
are presented in Table 2. Compared with MS, the C and N
contents of MSB were higher, whereas the H and O contents were lower. The H/C, O/C and C/N ratios were all
lower for MSB than for MS, suggesting that MSB was
more aromatic, less polar, and more mature [33, 34]. Similar results were also observed by other researchers, who
found that the H/C and O/C ratios of the plant biomass
decreased, whereas the C contents increased with increasing charring temperatures between 300 and 550°C for Eucalyptus spp. [12], between 100 and 800°C for rice residues
[33], and between 200 and 500°C for leguminous green
manure [35].
There were no detectable ash in both MSB-HLA and
MS-HLA. Compared with MS-HLA, MSB-HLA had a
smaller H and N but similar C and O contents. The H/C
ratio was lower for MSB-HLA than for MS-HLA, indicating that MSB-HLA was more aromatic. The decrease in the
H/C ratio of HLA from Eucalyptus spp. charcoal with increasing charring temperatures was also observed by
Trompowsky et al. [12]. The C/N ratio of MSB-HLA was
higher than that of MS-HLA, implying the loss of N-containing groups in HLA during the thermal transformation
of MS-HLA into MSB-HLA. However, there was no difference for the O/C ratio between the two HLA samples.

Compared with MS-HUL, the C and N contents of
MSB-HUL were higher, while the H and O contents and
the H/C, O/C and C/N ratios were all lower. These results
suggested that MSB-HUL was more aromatic, less polar,
and more mature than MS-HUL. On the other hand, although the H/C and O/C ratios in MS were higher for HUL
than for HLA, the two ratios in MSB were lower for HUL
than for HLA. This indicated that HUL was more aromatic
and less polar than HLA in MSB.
Unexpected, the solid-state 13C NMR spectra of both
MSB- and MS-HUL could not be determined because of
the presence of static interference from the two HUL samples. The exact reason requires further investigation.
The solid-state 13C CPMAS TOSS NMR spectra of
MSB and MS and their respective HLA are shown in Fig. 1.
It could be observed that the 13C NMR spectrum of MSB
was obviously different from that of MS. MSB was dominated by aromatic C groups whereas MS was dominated by
O-alkyl C groups, which was in accordance with the previous results [23]. The high aromatic C content in MSB was
mainly derived from the conversion of O-alkyl C in MS
[12]. Similar with their original feedstock, the signals of
aromatic C region were predominant in MSB-HLA and
that of O-alkyl C region were predominant in MS-HLA.
However, the signals from the other chemical shift regions
were more intense in the HLA than in their original feedstock. According to the literature [23, 28, 29, 36, 37], the
major signal peaks in each chemical shift region of the NMR
spectra were assigned as follows: the signals at around 22,
25, 31, 33 and 43 ppm in the alkyl C region were ascribed to
–CH3, –CH2–, amorphous –(CH2)n–, crystalline –(CH2)n–
and branched aliphatic C, respectively. In the O-alkyl C region, the signals at around 56, 65 and 105 ppm were ascribed
to methoxyl C in lignin, and –CH2OH– and anomeric C in
carbohydrate, respectively. The four well-resolved peaks
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Chemical shift / ppm

Chemical shift / ppm

FIGURE 1 - Solid-state 13C CPMAS TOSS NMR spectra of maize straw biochar (MSB) and raw maize straw (MS) (A) and their respective
humic-like acid (HLA) (B).
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TABLE 3 - Relative carbon distribution (%) in different chemical shift regions (ppm) in 13C CPMAS TOSS NMR spectra of maize straw
biochar (MSB) and raw maize straw (MS) and their respective humic-like acid (HLA).
Samples

MSB
MS

Alkyl
C
(0-50)
9.82

Methoxyl
C
(50-60)
4.68

Carbohydrate
C
(60-110)
8.62

Aryl
C
(110-145)
—

2.77

3.12

78.6

7.39

MSB-HLA

20.3

8.62

10.5

MS-HLA

9.52

15.3

38.7

a

Alkyl C/O-alkyl C=(0-50)/(50-110).
160)]/[(50-110)+(160-200)].

b

Phenol
Aromatic
C
C
(145-160) (110-160)
—
71.2

Carbonyl
C
(160-220)
5.71

A/O-Aa

Alip/Aromb

HB/HIc

0.7

0.3

4.3

3.85

11.2

4.27

0.0

7.5

0.2

38.8

13.3

52.1

8.48

1.1

0.8

2.6

18.2

12.4

30.6

5.81

0.2

2.1

0.7

Aliphatic C/aromatic C=[(0-50)+(50-110)]/(110-160).

appeared at 73, 75, 84 and 89 ppm in MS sample, in which
73 and 75 ppm could be assigned as C2, C3, and C5 ring
carbons, and 84 and 89 ppm as noncrystalline and crystalline components of C4 in carbohydrate (mainly cellulose
and hemicellulose), respectively. In the aromatic C region,
the signals at around 116, 127 and 134 ppm represented Cand H-substituted aromatic C from lignin, and the signals
at around 148, 154 and 160 ppm represented O-substituted
aromatic C in lignin. We could note that the O-substituted
aromatic C in MSB was not easily distinguishable. In the
carbonyl C region, the signal at around 173 ppm was attributed to carbonyl C of carboxylic acid, amide and ester.
The signal appeared at around 198 ppm in MSB-HLA sample was indicative of carbonyl C of ketonic compounds.
The relative intensities of the carbon functional groups
of MSB and MS and their respective HLA are presented in
Table 3. The aromatic C accounted for 81.7% in MSB, and
the O-alkyl C accounted for 71.2% in MS. On the other
hand, the proportions of alkyl C, methoxyl C and carbonyl
C in MSB were all larger than those of MS. The alkyl C/Oalkyl C and hydrophobic C/hydrophilic C ratios was
higher whereas the aliphatic C/aromatic C ratio were lower
for MSB-HLA than for MS-HLA, indicating that MSBHLA was more alkylated and more hydrophobic, but less
aliphatic. The high alkylation and hydrophobicity degrees
and the low aliphaticity degree were mainly responsible for
the high stability of MSB.
Similar with their feedstock, the intensity of the O-alkyl C region (54.0%) in MS-HLA was the largest, followed
by aromatic C (30.6%), alkyl C (9.52%) and carbonyl C
(5.81%) (Table 3). This order was consistent with that reported by Adani et al. [9] For MSB-HLA, the intensity in
the aromatic C region was the largest (52.1%), followed by
alkyl C (20.3%), O-alkyl C (19.1%) and carbonyl C
(8.48%). Compared with MS-HLA, MSB-HLA contained
larger proportions of alkyl C, aryl C, phenolic C and carbonyl C, but smaller proportions of methoxyl C and carbohydrate C. The decrease of methoxyl C and carbohydrate
C in MS-HLA could be due to their conversion into the refractory polycondensed aromatic structures [12] during
MS pyrolysis. The absence of the signal at 103 ppm in

c

Hydrophobic C/hydrophilic C=[(0-50)+(110-

MBS-HLA may imply the preferential conversion of anomeric C in carbohydrate during the pyrolysis. Moreover,
the higher carbonyl and phenolic groups for MSB-HLA
than for MS-HLA may infer that MSB-HLA has greater
capacity to complex metal ions and sequestrate nutrient elements. The alkyl C/O-alkyl C and hydrophobic C/hydrophilic C ratios of MSB-HLA was higher, whereas the aliphatic C/aromatic C ratio were lower than that of MSHLA, suggesting that MSB-HLA was more alkylated,
more hydrophobic, and less aliphatic. The order of aliphatic C/aromatic C ratio was in accordance with that of
H/C ratio for the two HLA samples. Piccolo and Mbagwu
[38] indicated that the addition of hydrophobic humic material with hydrophobic organic wastes could achieve longlasting soil aggregate. Thus, we can deduce that the high
aggregate stability after biochar application into soil [39] is
partly due to the high hydrophobicity of the HLA fraction
in biochar. Moreover, the lower aliphaticity and the higher
carbonyl C in MSB-HLA than in MS-HLA showed that the
former was more mature [40]. 13C NMR results further
confirmed the structural differences between HLS from
MSB and MS.
4. CONCLUSIONS
The quantitative and qualitative characteristics of HLS
isolated from MSB were different from those from MS.
The carbon contents of the HLA and FLA fractions were
lower, while those of the HUL fraction were higher in MSB
than in MS. On the other hand, the aromaticity, alkylation
and hydrophobicity degrees of MSB-HLA were higher
than those of MS-HLA. With respect to HLA, the elemental data of the HUL were more similar to their respective feedstock. MSB-HUL was more aromatic and less polar than MS-HUL and MSB-HLA. The results were important for clarifying the possible mechanism of biochar
functions in the environment. Further studies are needed to
examine the properties of HLS in MSB prepared under different pyrolytic conditions. Meanwhile, the effects of HLS
in MSB on the amounts, compositions, and functionalities
of humic substances in native soil amended with MSB also
need to be considered in the future work.
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THE CONTRIBUTION OF URBAN ROAD TREES
ON IMPROVING THE AIR QUALITY IN AN URBAN AREA
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ABSTRACT
Landscape plantings in avenues, boulevards, and medians play a prominent role in the construction of outdoor
green areas, and contribute both aesthetically and functionally. Roadside planting requires ecological, biological, aesthetic, and technical knowledge and is considered to be multidirectional. One of the most significant functions of roadside
planting is the improvement of air quality caused by decreasing atmospheric pollution. Within this scope, the purpose of this study was to determine the metal accumulation
of the roadside plants in Kastamonu city, Turkey. Metal
accumulation was measured in 80 individual leaves belonging to 18 species inhabiting a 10.5 kilometer-long route in
Kastamonu. Results showed that, between the measured elements, zinc (Zn) was accumulated at the highest levels, followed by copper (Cu), lead (Pb), nickel (Ni), and cadmium
(Cd), in the given order. Highest Zn, Cd, and Cu levels
were detected in Betula pendula, Elaeagnus angustifolia,
Catalpa bignonioides, respectively, and the highest Ni and
Pb levels were found in Acer campestre. These species are
frequently used in urban green areas due to their aesthetic
characteristics and their ability to accumulate heavy metals
and improving the air quality. We suggest that these plants
may be useful for monitoring air pollution.
KEYWORDS: air quality, biomonitor, metal
Kastamonu, Turkey, urban roadside planting,

accumulation,

1. INTRODUCTION
Environmental problems have increased worldwide
along with an increase of urbanization. Because the amount
of people living in cities increases, people have become increasingly disconnected from nature. Hence, there is increasing interest in incorporating natural green areas into cityscapes. Open green spaces in urban areas play an important
role in improving the quality of life of city-dwellers, both in
spiritual and physical terms [1, 2]. Trees planted along the
major roads of the city [3] create a desirable background for
* Corresponding author

the architectural structures of the city, obscuring undesired
views in addition to decreasing noise, creating living areas
for wildlife, and creating microclimates [1, 3–5]. In addition to their other benefits, urban road trees uptake air contaminants (e.g. particle substances, heavy metals) and help
to increase air quality [2, 6–13].
Automobile exhaust and other polluting substances associated with vehicle corrosion are originating at the city roads.
These contaminants include barium (Ba), cadmium (Cd),
chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), lead (Pb),
and zinc (Zn) [14–19]. In recent years, lichens [20], algae
[21], leaves of higher plants [14, 17, 22], and tree bark [23,
24] have been used as biomonitors to assess traffic-related
pollution [19]. Furthermore, many evergreen species, particularly coniferous trees and deciduous plant species, are accepted as good alternatives for remediation of traffic-related air pollution [7, 21, 25].
Plant species, commonly used to monitor the level of
traffic-related air contaminants include Aesculus hippocastanum (Pb and Cu) [17, 26], Betula pendula (Cd, Cr and
Zn) [27], Elaeagnus angustifolia (Pb, Cd and Zn) [28],
Fraxinus excelsior (Pb, Cu, Ni, Zn, Cr) [29], Pinus pinea
(Cr, Cu and Pb) [30], Robinia pseudoacacia (heavy metals)
[31], Tilia sp. (Pb, Cu, Cr, Ni, and Pb) [26, 32], and Quercus ilex (Zn) [22].
We aimed to determine the metal accumulation in the
urban road plants in Kastamonu, Turkey and also we aimed
developing criteria for selecting plants that may be used in
landscape planning.
This study aims quantifying the aerial deposition of
metals at the leaves of growing species commonly planted
in Kastamonu at the urban roadside environment. In the
study, for making contribution to the selection criteria of
the plant material which may be used in landscape planning
works in the areas which were exposed to the traffic related
air pollution; the usability of urban roads plants for biomonitoring with the accumulation levels of heavy metals
in their body were tried to present. Accordingly, we focused on the trees that may be used for functional purposes
in addition to their aesthetic purposes in the landscape architecture. Additionally, we determined which species can
accumulate highest levels of heavy metals within their
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leaves, and thus can be used for biomonitoring the trafficrelated air pollution.

2. MATERIALS AND METHODS
2.1 Study site

The study was performed in Kastamonu, located in
northern Turkey in the West Black Sea Region, 41°22´ N
and 33°47´ E (Figure 1). The altitude of the city is 791 m
[33], and it is located in a transition zone that experiences
both oceanic and continental climates [34]. The city is lo-

cated along the Karaçomak River and the main transportation thoroughfares of the city are located at the east and
west of this stream.
The study site was selected as it only has one main road
with heavy traffic conditions. This route which is on D765
highway is 10.5 km long, and connects 125 Yıl Atatürk and
Stadyum Avenues in the south and Alparslan Türkeş Avenue in the north.
The route was divided into 21 equal sections of 500 m
length (Figure 2). The study includes plant samples collected from the sidewalk from P1 to P16 and in the median
of the road from R1 to R5. In total, 80 plants were exam-

FIGURE 1 - Geographical position of the city of Kastamonu

FIGURE 2 - Road route as research area
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TABLE 1 - Plant species existing in the research area and points of their location
Point of Location
R5
P2, P5, R5
R1
P1, P4, P10, P12, P13, P14, P16, R1, R4, R5
R5
P1, P8, P9
R5
R2, R5
R5
P2, P5, R5
R1
P1, P2, P3, P4, P5, P6, P7, R1, R3, R4, R5,
P8, P 9, P10, P11, P12, P13, P14, P15, P16
R1, R5
R4, R5
P1
P1
P5, P7, P10, P11, R2, R3, R5
P3, P12, P13, P14, P15, R3, R4, R5

Plant Name
Abies bornmülleriana
Acer campestre
A.palmatum
Aesculus hippocastanum
Arbutus unedo
Betula pendula
Catalpa bignonioides
Cupressus sempervirens
Elaeagnus angustifolia
Fraxinus excelsior
Pinus nigra
Platanus orientalis
Prunus cerasifera
P. cerasus
Robinia pseudoacacia
Salix babylonica
Tilia rubra
T. tomentosa

ined, comprising 18 species and 15 families (Table 1). In the
study, all different species were examined in per 500 m area,
in case of if the species is more than one, only one species
was examined. By this; totally 80 individuals were gotten. In
the research area, it was found that: approximately 83% of
the plant species are deciduous and 17% are coniferous also
39% of the species are native and 61% are non-native.
2.2 Collection of leaf samples

Leaf samples were collected in June and July of 2013,
when plant growth was at the highest level. Both sides of
the road were divided into 21 areas, each of was 500 m in
length. The leaves of the species in each 500-m area were
collected. The total amount of the plant examples was 80
and they were taken in triplicate, from the north, south,
east, and west side of each tree. Sample analysis was performed in the Center Research and Development Laboratory of Mustafa Kemal University following established
methods (see below).
2.3 Analytical methods

Leaf samples collected from each area were washed
with pure water, and dried at a temperature of 103 (±2°C).
The dry leaves were ground in a grinder and weighed (±
0.5 g). Granulated leaf samples were transferred to an Erlenmeyer flask, and 8 ml of perchloric acid was added. The
samples were then subjected to heating and open-burning
processes. The solutions obtained from these processes
were filtered with blue filter paper, and the final volume
was brought to 20 mL with pure water. Microwave plasmaatomic emission spectrometry (MP-AES) was used for determining the heavy metal contents of the samples. Solution values for Zn 213.857 nm, for Cd 228.802 nm, for Cu
324.754 nm, for Ni 352.454 nm, for Pb 405.781 nm.

Number
1
3
2
12
1
3
1
2
1
5
1
22

Family
Pinaceae
Aceraceae

4
2
1
1
7
10

Rosaceae

Hippocastanaceae
Ericaceae
Betulaceae
Bignoniaceae
Cupressaceae
Elaeagnaceae
Oleaceae
Pinaceae
Plantanaceae

Fabaceae
Salicaceae
Tiliaceae

3. RESULTS
Measurements of metal accumulations in the leaf samples of all plant species showed that, between the measured
elements; Zn was accumulated at highest levels, followed
by Cu, Pb, Ni, and Cd, in the given order.
Although conifers were presented in low proportions
in the study area, detectable levels of metal accumulation
were observed in the sampled species, which were native
at the city (Figure 4). Highest levels of Zn and Cd were
observed in Pinus nigra, highest levels of Cu and Ni were
observed in Abies bornmuelleriana, and the highest level
of Pb was observed in Cupressus sempervirens. Among the
deciduous species in the area, the highest levels of Zn was
detected in Betula pendula, Cd was detected in Elaeagnus
angustifolia, Cu was detected in Catalpa bignonioides, respectively, and the highest level of Ni and Pb were found
in Acer campestre. In addition, we found that Salix babylonica did not accumulate detectable levels of Zn, and that
Acer palmatum, Catalpa bignonioides, and Robinia pseudoacacia did not accumulate detectable levels of Cd.
The average values of metal accumulation levels in
each plant species are shown in Figure 5. Accordingly, species with the highest levels of Cd accumulation included E.
angustifolia (1.96 ppm), Arbutus unedo (1.76 ppm), S. babylonica (1.73 ppm), Prunus cerasus (1.61 ppm), and A. hippocastanum (1.51 ppm). Elaeagnus angustifolia, which exhibited the highest level of Cd accumulation, was located
at the R5 point. The five species that exhibited the lowest
levels of Cd accumulation in the research area were F. excelsior (0.65 ppm), P. cerasifera (0.57 ppm), B. pendula
(0.56 ppm), Tilia rubra (0.20 ppm), and A. palmatum/R.
pseudoacacia (0 ppm). No Cd accumulation was detected
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FIGURE 4 - Element accumulations according to plant material type (ppm)

FIGURE 5 - Average values of metal accumulations in the plant leaves (ppm)
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in A. palmatum (R1) and R. pseudoacacia (P1) which were
found only at a single location in the study area.
Species with the highest levels of Cu accumulation
were C. bignonioides (10.87 ppm), R. pseudoacacia (10.03
ppm), F. excelsior (8.11 ppm), A. campestre (7.46 ppm),
and A. hippocastanum (5.87 ppm) which were located at
the R5 point in the study area. Conversely, species with the
lowest accumulation levels included A. bornmuelleriana
(3.91 ppm), S. babylonica (3.2 ppm), C. sempervirens
(2.99 ppm), A. unedo (1.96 ppm), and P. nigra (1.45 ppm).
Individuals belonging to the species in which the lowest
accumulation levels were observed were usually located in
‘R parcels’; namely, in the median of the road.
The species that exhibited the highest Ni accumulation levels included A. campestre (6.76 ppm), A. unedo
(3.95 ppm), S. babylonica (3.86 ppm), C. bignonioides
(3.49 ppm), and A. bornmuelleriana (3.46 ppm). Acer campestre were located at points P2, P5, and R5 in the study
area. The highest and lowest Ni accumulation levels in A.
negundo were observed at points P5 (15.73 ppm) and R5 (2
ppm), respectively. The lowest nickel accumulation levels in
the study area were observed in A. palmatum (1.68 ppm),
A. hippocastanum (1.58 ppm), P. cerasus (1.54 ppm), C.
sempervirens/E. angustifolia (1.53 ppm), and P. cerasifera
(1.29 ppm). Individuals with a low accumulation levels were
usually located in the ‘R parcels’.
The highest levels of Pb accumulation were observed
in A. campestre (4.93 ppm), R. pseudoacacia (4.90 ppm),
B. pendula (4.74 ppm), T. rubra (4.72 ppm), and T. tomentosa (4.15 ppm). Acer campestre were located at points P2,
P5, and R5 in the study area. The highest and lowest accumulation levels were observed at points P5 (6.05 ppm) and
P2 (3.92 ppm), respectively. Lowest Pb accumulation levels were observed in individuals of the species Platanus
orientalis (3.21 ppm), A. bornmuelleriana (3.02 ppm), A.
unedo (2.98 ppm), P. nigra (2.82 ppm), and P. cerasifera
(2.80 ppm), located in the median of the road ; with the
exception of P. orientalis.
Betula pendula (62.44 ppm) exhibited the highest level
of Zn accumulation, in spite of similar accumulation levels
of different locations of the study area. The highest and lowest accumulation levels were observed at points P9 (78.18
ppm) and P1 (43.86 ppm), respectively. Other species exhibiting high levels of Zn accumulation included C. bignonioides (25.54 ppm), R. pseudoacacia (23.01), A. campestre
(22.06 ppm), and F. excelsior (11.79 ppm). Conversely, T.
tomentosa (2.45 ppm), C. sempervirens (2.23 ppm), A.
hippocastanum (1.64 ppm), P. cerasifera (1.48 ppm), and
S. babylonica (0 ppm) exhibited lowest Zn accumulation levels in the study area. Accumulation levels were zero (0 ppm)
in many of the plants located in ‘R parcels’.
4. DISCUSSION AND CONCLUSION
With the improving life quality the urban areas has
gained significance, efforts for decreasing the environmental

pollution have also grown. Green areas which are important parts of urban ecosystems, are significant tools in
this process because they decrease the air pollution and
thus increase the quality of life. There are various contaminants (e.g. industrial, household, traffic) in the city and the
surrounding areas. The city roads that are in open green areas, have the highest amount of air pollution. Air gases exist in urban areas, are at levels that are approximately 5 to
25 times greater than the rural areas and dust concentration
and particles are approximately 10 times greater [35]. The
vehicles participating in urban traffic and surrounding the
city, increases the traffic-related air pollution at the developing cities of Turkey [36]. Kastamonu, is a fast developing area, and as such, the number of vehicles and traffic
intensity are increasing. This adversely affects environmental quality and emphasizes the importance of urban
road planting.
In this context: the usability of urban roads plants for
biomonitoring with the accumulation levels of heavy metals in their body were tried to present. There are some studies about at the E. angustifolia species [28] and B. pendula
species [27] can be used for biomonitoring in the urban
roads where have Cd pollution. At the study done by [28];
the leaf examples were taken from industry, roadside, urban, suburban and rural regions. It was found that the species intensely saved Cd at the industry region then roadside. As the result of the study it was found that, the clean
leaf examples from the roadside region has 2.15 ppm accumulation. The prepared study also presents similar results,
it supports that E. angustifolia species can be used for biomonitoring for Cd (accumulation level 1.96 ppm). In the
study, except A. palmatum, C. bignonioides, R. pseudoacacia and T. rubra species the other 14 different species have
normal accumulation level for Cd (0.05-0.5 ppm) [37] or
more (table 1). The species which have high accumulation
level for Cd are respectively: E. angustifolia, A. unedo, S.
babylonica, P. cerasus, A. hippocastanum, T. tomentosa,
P. Nigra, A. bornmülleriana, P. orientalis, C. sempervirens, A. Campestre, F. excelsior, P. cerasifera, B. pendula.
The study proves that these species can be used for biomonitoring the Cd pollution. These species are accepted as
important landscape elements in urban areas with their
shapes, flowers, leaves, fruits and colour changes in autumn in terms of aesthetics and with their Cu accumulation.
The studies about A. hippocastanum [17], P. pinea [30, 38],
F. excelsior [29], Aesculus and Tilia [26], P. orientalis
[39], Pyracantha coccinea [40], N. oleander [38] species
show that these species are biomonitoring for Cu pollution.
At the study prepared by [26], the leaf examples were
taken between 2002-2006 years in May and September.
For Aesculus sp. The highest was found in May 2005 (16.60
ppm) and the lowest was found in September 2002 (8.34
ppm). As a result of this study it was presented that A. hippocastanum is good for biomonitoring for Pb and Cu. At the prepared study A. hippocastanum accumulated (5.87 ppm) Cu.
Also in the study, C. bignonioides species has the highest
Cu accumulation level (10.87 ppm). This is between the
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normal amounts it should be for the plant (5-20 ppm). But,
using the species for biomonitoring the Cu and continuing
the studies about the species was recommended by [41] and
the other done studies. In the study, high accumulation
level of R. pseudoacacia species also attracts attention.
The studies done about F. excelsior [29], A. hippocastanum [42], P. coccinea [40], B. pendula and Tilia spp. [32]
species show that they are for biomonitoring the Ni pollution. At the study done by [42]; leaves of the studied deciduous trees, growing in the park next to the National Library of Serbia – A. hippocastanum and linden Tilia
spp. showed seasonal heavy metal accumulation in a multiyear period (2002–2006). According to the study, it was
found that A. hippocastanum species is a better accumulator than the Tilia spp. An increase of the element concentrations from May to September was evident in all leaf
samples of A. hippocastanum and Tillia spp. throughout
the investigated years for Ni. In this study the highest value
was found in September 2002 (between 2-2.5 ppm) and the
lowest was found in May 2003 (<0.5 ppm). At the prepared
study the value of A. hippocastanum is 1.58 ppm. The values are close to each in both studies. In this study, it seemed
that A. campestre is the species which has the highest Ni
accumulation level and the accumulation at the leaves is
pretty more than the normal amount (0.5-5 ppm) [43]. With
the study, it was proved that A. campestre can be used for
biomonitoring Ni pollution. Also the other species have Ni
accumulation and amount of CO2 at various levels [44].
The use of Aesculus sp [26; 17], P. pinea and Nerium
oleander [30], E. angustifolia [28], F. excelsior [29], Betula sp [32], Salix sp., Acer sp. and [32] Tilia sp. species
were investigated for biomonitoring the Pb pollution. For
the F. excelsior, at the study done in Kayseri, Turkey by
[29] the results showed that the mean Pb levels in the roadside (14.71 μgg-1). At the prepared study F. excelsior (3.53
ppm) is below the normal values. At the study, the highest
Pb accumulation was found at A. campestre species at P5
point with 6.05 ppm. This value is also below the normal
Pb value (10 ppm dw) [39; 43].
For the Zn pollution the E. angustifolia [28], Aesculus
sp. and Tilia sp. [42], N. oleander [38] and B. pendula [27]
species were studied. These species can be used for biomonitoring the Zn pollution. At the done study by [27] in
Plovdiv city at Bulgaria, with the taken examples from different regions of the city, it was found that B. pendula species accumulated 102-144 mg kg-1 Zn and good for biomonitoring. The results are similar at the prepared study.
According to these results, B. pendula species has the highest Zn accumulation (62.44 ppm) but the accumulation is
slightly below the normal value (100 ppm dw) [45]. Despite this, it was thought that it can be used for biomonitoring the Zn pollution. B. pendula is one of the plants which
should be selected in heavily Zn polluted areas and also
because of its body colour; it should be among the selected
plants in landscape planning studies at Kastamonu city
where the climate switches from continental to oceanic.
According to the study it was found that the Pb, Cu and Ni

accumulation was found in all of the 18 species. The accumulation of Pb is similar in all species. Ni accumulation
was found more in A. campestre than the others. Cu accumulation was found more in C. bignonoides and R. pseudoacacia species than the others. It was found that A. palmatum, C. bignonoides and R. pseudoacacia species cannot accumulate Cd, the other species expect these; can accumulate in different amounts. In S. babylonica there was
no Zn accumulation. Despite this, the Zn accumulation was
found highest in B. pendula.
In the study when the plants which accumulate Cd, Cu,
Ni, Pb and Zn were investigated, it was found that; A. campestre species accumulates serious amounts of Pb, Ni, Cu
and Zn and C. bignonoides species accumulates Cu, Ni and
Zn and R. pseuduacacia species accumulates Cu, Pb and Zn.
While the Zn, Cu and Ni accumulation in the plants was
generally found at sidewalks (in P parcels) (For example, Zn
was undetectable in many T. tomentosa plants located in the
median of the road) the Pb and Cd accumulation was generally found in the plants at medians (in R parcels).
Herein we describe an extensive examination of metal
accumulation in roadside trees. Different results were obtained depending on factors such as the traffic intensity in
the area, climate change, wind direction, and rainfall.
These results comprise the foundation of future studies,
and suggest by the study that factors such climate and soil
composition should be considered in future investigations.
This study identified tree species that accumulate Zn, Cd,
Cu, Ni, and Pb, and thus may be used to increase air quality
and serve as biomonitors for the urban roads of Kastamonu,
which have a certain level of pollution. These species are
also important to landscape design and planning in the cities due to both their aesthetic and functional characteristics. Additional studies of the species with high levels of
accumulation are needed, and it is expected that these investigations will be supported by local administrations, and
the results used for improving the quality of urban life.
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COMPARISON OF MCPA (4-CHLORO-2METHYPHENOXY ACETIC ACID) REMOVAL
IN TWO TYPES OF CONSTRUCTED WETLANDS
Ayşe Elmaci
Uludag University, Faculty of Engineering, Department of Environmental Engineering, Gorukle Campus, 16059, Bursa, Turkey

ABSTRACT
In this paper, the treatment performance of laboratoryscale free surface flow and subsurface flow constructed wetlands contaminated with MCPA was discussed. The free surface flow constructed wetland was planted with Lemna minor L. The average MCPA removal efficiencies for the
planted and unplanted reactors were 32.05 and 58.11%, respectively. The subsurface flow constructed wetland was
planted with Phragmites australis (Cav.) Trin. Ex. Steudel,
and light expanded clay aggregates (Leca) were used as
bed’s substrates. The average MCPA removal efficiencies
for the planted and unplanted reactors were 80.64 and
97.87%, respectively. The obtained results indicated that the
subsurface flow constructed wetland type was of good performance in removal of synthetic wastewaters from related
chemical structures of pesticides. Leca has a large sorption
capacity for the MCPA. Moreover, it has been thought to be
eligible for use as support matrix in constructed wetland systems. In addition, two models (Langmuir and Freundlich)
were used for modeling of the pesticide adsorption of Leca,
which was better explained by the Langmuir isotherm
model.

KEYWORDS: Constructed wetland, Leca, Lemna minor, MCPA (4Chloro-2-methyphenoxy acetic acid, Phragmites australis

1. INTRODUCTION
Pesticides are distributed in the environment worldwide,
and may be extremely persistent organic and inorganic pollutants [1]. The use of pesticides is of benefits in agriculture,
but their bioaccumulation, by means of the food web, poses
potential risks to both animals and humans [2].
Herbicides having the largest share of organic pollutants
[3, 4] are used in agriculture, and also for many other purposes. For a variety of reasons (e.g. terrestrial runoff, direct
application and aerial spraying), herbicides may be related
to the aquatic ecosystems [5]. Aquatic organisms living infreshwater ecosystems are not directly targeted, but these

organisms are subjected to herbicides, and can be directly
or indirectly influenced by these compounds [6].
Despite the overall consumption of less pesticides in
Turkey, the most intense consumed pesticides have significant risks to both environment and health [7]. Means of agricultural struggle, plants, pests, diseases and weeds in the
effects of the economic dimensions protect and improve the
quality of the product. This simple definition implies agricultural struggle and improves the quality of the product, and
it also aims to affordability. In order to achieve this goal, an
integrated agricultural control warfare (integrated pest management) should be carried out, in consistence with all
known methods of struggle making use of the negative effects of human and environmental health studies, for the
implementation of those being at least understood [7].
One of the methods of agricultural struggle is chemical
control. As chemical control has high efficiency, it is faster,
and it can protect the product from organisms expressing
the toxin [8, 9]. Briefly, when summarizing the advantages
of modern crop protection, chemicals are necessary for carrying out a method of struggle today, thus sustaining the
distinction of being the most important reason. However,
unconscious and uncontrolled use of pesticides enforced
harmful organisms to create stability risks, and adverse impacts to the environment or human health from these residues should not be ignored [7].
MCPA (4-chloro-2-methyphenoxyacetic acid) is a
widely used systemic herbicide belonging to the group of
related synthetic herbicides, the chlorophenoxy herbicides.
It is commonly used together with other herbicides for the
post-emergence control of broad-leaved weeds [10]. This
herbicide might be of a high mobility, and is frequently determined in water-bodies. It remains persistant in the environment for a long time [11-14]. MCPA is classified as a
possible human carcinogen (class 2-B-carcinogen) by the
International Agency for Research on Cancer [15].
Constructed wetlands are highly economic systems for
treatment of wastewaters [16, 17], and are newly designed
for decontamination of polluted surface water, including
removal of xenobiotics for potential water reuse [18].
Phragmites australis (Cav.) Trin. Ex. Steudel, also
known as common reed, is a perennial wetland grass that
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can grow up to 15 feet in height. The invasive variety of
phragmites creates tall and dense stands which harm wetlands and coastal areas by crowding out native plants and
animals, blocking shoreline views, decreasing access for
swimming, fishing, and hunting can lead to fire hazards for
dry plant material. It spreads rapidly owing to its vigorous
rhizomes (horizontal roots that produce new shoots), and
grows more than six feet per year [19, 20]. Wetland species
such as Phragmites australis have already been tested and
found to be suitable for the removal of several organic
compounds from wastewaters, being commonly used in
constructed wetlands.
Lemna minor L. species have shown characteristics
that make duckweed-based systems (DBS) very attractive
not only for wastewater treatment but also for nutrient recovery, which is due to the rapid multiplication of duckweed and the high protein content of its biomass (30±49%
of dry weight) [21, 22]. The advantages of using the water
plant Lemna minor L. are its high production rate, ease of
manual harvesting from the surface, high protein content,
low fiber content, ability to survive dry conditions, preferential ammonia uptake, its ability to mobilize ammonia directly from the water, and its high protein content [23].
The support matrix is also a very important component
in constructed wetlands. It does not only support the
growth of macrophytes and microorganisms but can also
promote a series of chemical and physical processes which
assist in the wastewater depuration. Among such processes, sorption by the solid matrix plays an important role
in pollutant retention. Thus, the choice of a material having
high sorption capacity is important for the design of a wetland. Previous studies have revealed that Leca is capable of
removing this type of substances from water [15, 24].
Due to the lack of knowledge on MCPA removal in
wetlands, the purpose of this study was to evaluate the efficiency of the laboratory-scale free surface flow-constructed wetland system planted with Lemna minor L. and
the subsurface flow-constructed wetland (Leca-based
planted with Phragmites australis (Cav.) Trin. Ex. Streusel) to remove MCPA from aqueous solutions. MCPA was
chosen according to its production in large quantities and
its widely use. In this study, the rates of pesticide removal
in free surface flow wetland and subsurface flow wetland
were compared, and also the suitability and performance of
the support matrix material (Leca) for pesticide treatment
was assessed.
2. MATERIALS AND METHODS

Prior to use, the gravel and Leca were washed several times
with water to remove fine particles and suspended solids.
TABLE 1 - Physico-chemical properties and fate characteristics of
MCPA [25-27].
Common name
Name

MCPA
4-chloro-2-methyphenoxyacetic acid

Structure
Molecular weight (g mol-1)
Ionization constant pKa
Water solubility
Log Kow
Soil sorption coefficient, Koc

200.6
3.07
825 (acid)
1.37-1.43
100

2.2. Experimental set-up and operating conditions of the constructed wetland
2.2.1. Subsurface flow constructed wetland

Two laboratory-scale subsurface flow-constructed
wetland units, made from stainless steel, each with dimensions of 0.2 x 2.45 x 0.45 m (width x length x depth) were
used and operated in subsurface-flow mode, and all influent wastewater was made to flow through the constructed
wetland beds, without wastewater flowing above the constructed wetland beds. Leca was used as the support medium in these units, at a depth of 27 cm. These two laboratory-scale constructed wetlands (CW) were operated in
parallel, one as an experimental unit (a planted reactor with
P. australis) and the other as control (an unplanted reactor
with Leca). P. australis was planted at a density of 4 m-2,
daylight was used in the laboratory, and Leca as a support
matrix. Wastewater was fed continuously to the constructed wetland units to acclimatize the soil microbes, and
to support growth of the cattail plants. In the planted reactor, more long-term monitoring was conducted compared
with that in the control reactor.
2.2.2. Free surface flow-constructed wetland

The system was composed of two reactors: one in
which Lemna minor L. was grown, and the other was without L. minor (control reactor). The reactors were formed
with dimensions of 40x30x16 cm. The surface area of each
reactor was 1200 cm2. The water depth of the reactors was
6 cm. No support matrix was used. Light was supplied by
a special lamp (OSRAM Day Light, 18 W) during day
times. The lamps were kept on during the 16-h daytime,
and were turned off by a timer for the remaining 8 h.

2.1. Reagents and Materials

2.3. Support matrix (lightweight expanded clay aggregate, Leca)

MCPA was obtained from Sigma-Aldrich (Steinheim,
Germany). Physico-chemical properties and fate characteristics of MCPA are given in Table 1. Gravel (grain sizes of
10–15 mm) and Leca (granulometric grades 2/4 and 3/8),
which were used for the support matrix of the constructed
wetland, were supplied by a landscaping firm in Turkey.

Leca used as support matrix in subsurface flow wetlands, are industrial raw materials, showing that they are
usually formed as product of volcanic porous and large
mass distributions. Industrially produced synthetic aggregates, as they have a wide variety of products, are generally
known by their trade names.
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The sintering process occurs rapidly, where the specific volume increases at temperatures between 1.100 and
1.300 °C for clay and shale, generally called swellable
clays. Raw materials for expanded clays, that are widely
used, include early sintered clay, sandy clay and shale. The
top of the outer surface of sintered porous ceramic products
are slightly hard, and have a pyroclastic structure consisting of a shell. This lightweight aggregate material formation in the construction industry is evaluated by light extraction structure elements [28].
2.4. Operation of the system and sample collection

All systems were operated in a continuous mode. The
hydraulic retention time (HRT) of the system was 3 days.
This experimental stage was carried out when the reeds
were quite well developed. Concentrated standard solutions of the pesticides were added directly to the wetland
reactors with synthetic domestic wastewater to achieve an
initial concentration of about 40 µg/L. The influent concentrations were set on the basis of monitoring studies reported in the literature [3], and approx. 1-month samplings
in progress were made. At the end of the HRT, influent and
effluent samples were collected. In the planted reactor,
more long-term monitoring was conducted compared with
that in the control reactor. Samples were taken up in 1-L
amber glass bottles from collected effluent water, kept refrigerated while transporting to the laboratory, where they
were stored at 4 °C until analysis. All analyses of MCPA
samples were conducted in an accredited laboratory in

Spain using a dual-pump HPLC, equipped with a UV diode
array detector.
3. RESULTS AND DISCUSSION
3.1 MCPA assays

The average MCPA concentrations in the subsurfaceflow wetland system were 41.33 µg/L in the influent,
8 µg/L in the effluent of the planted (P. australis) reactor,
and 0.88 mg L-1 in the effluent of the unplanted reactor
(Fig. 1). The average MCPA removal efficiency values for
the planted and unplanted reactors were 80.64 and 97.87 %,
respectively. High removal efficiencies were obtained for
both the planted and unplanted reactors. More than 80 % removal efficiency of MCPA in constructed wetland mesocosms have been obtained when using Leca as the bed's
substrate planted with P. australis [29]. It should also be
mentioned that Leca is of a large sorption capacity for this
herbicide (removal efficiencies of 56-97%). The results of
this study are in harmony with the literature.
On the other hand, the average MCPA concentrations
in the free surface flow wetland system were 41.33 µg/L in
the influent, 28.08 µg/L in the planted (L. minor), and
17.31 µg/L in the unplanted reactors (Fig. 1). The average
MCPA removal efficiencies for the planted and unplanted
reactors were 32.05 and 58.11 %, respectively, and 36 %
removal with L. minor in a twin-shaped constructed wetland, composed of a vertical flow, have been obtained [18].

50

MCPA (µg/L)

40
Influent
Effluent planted
Effluent unplanted
30

20

10

0
14.05.12

18.05.12

22.05.12

26.05.12

30.05.12

03.06.12

07.06.12

11.06.12

15.06.12

Date
FIGURE 1 - Concentrations of MCPA in the influent and effluent of planted and unplanted reactor in the subsurface flow constructed wetland.
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FIGURE 2 - Concentrations of MCPA in the influent and effluent of the planted and unplanted reactor in free surface flow constructed wetland.

TABLE 2 - MCPA concentrations in Leca and the bodies and leaf of P. australis.
The analysis section
Influent concentration

Leca

P. australis body

P. australis leaf

41.59

7.31

<5

<5

Pesticide
MCPA (µg/L)

After the application period, it has been shown that
MCPA was best removed from subsurface constructed
wetland according to free surface flow wetland. These results reveal that subsurface flow wetland type got a good
performance in decontaminating of synthetic waters from
pesticide of related chemical structures.
Pesticide loss from aqueous systems has been well
characterized and requires a combination of degradation
and transport procedures. Degradation can include photolysis, chemical transformations and biological transformation [30, 31], of which microbial processes usually dominate [32]. Similarly, pesticide transport can be physicochemical or biological, but the parent compound remains
unchanged; it is simply transferred from one matrix to another. Importantly, the rate of transport and breakdown of
a particular pesticide depends heavily on its physicochemical properties [31, 33, 34].
Table 2 shows the measured MCPA concentration in
the Leca and the body and leaf of sampled P. australis
plants. MCPA was found to be adsorbed by the structure of
Leca compared with the body and leaf of P. australis, The

MCPA concentrations, in the body and leaf of P. australis
and in Leca were < 5 and 7.31 µg / l, respectively.
Leca presents high sorption capacity for MCPA. This
can also be explained partly by the higher point of zero charge
(PZC) of Leca which results in a more extensive protonation
of its surface at working pH conditions (pH ~ 7.5-8). At these
pH values, the phenoxyacids are mostly in the anionic from
(pH > Ka) while the surfaces are positively charged (pH <
PZC). It can be hypothesized that in such cases adsorption is
mainly controlled by electrostatic interactions. Therefore, it
is more extensively charged surface of Leca that should have
the strongest interaction with the anionic phenoxy compounds. These higher affinities of positively charged surfaces
for anionic organic compounds have also been reported in
other studies on the adsorption of various clay materials [3537] and shown to be dependent on the pH.
3.2 Isotherm studies

For modeling of the pesticide adsorption of Leca, two
models (Langmuir and Freundlich) were used. These models are useful in full-scale applications.
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Langmuir equilibrium constant, and KF and 1/n are isotherm parameters of sorption capacity and intensity, respectively [38, 39].
As seen in Fig. 3, the adsorption of pesticides is better
explained by Langmuir isotherm. The values of the Freundlich and Langmuir constants are presented in Table 3. The
adsorption isotherms were well described by the Langmuir
equation for mono-layer adsorption (R2 = 1; pesticide removal is efficient whereas adsorption is low) suggesting
that MCPA undergoes reaction.

where, q is metal ion quantity adsorbed per a specific
amount of adsorbent, C is equilibrium concentration, qm is
metal ion quantity required to form a monolayer, KL is

(a)

(b)
FIGURE 3 - MCPA adsorption: a) Langmuir and b) Freundlich.

TABLE 3 - Comparison of Langmuir and Freundlich isotherms.
Constants
Pesticide
MCPA

Langmuir Model
Qo
b
0.026
-5.27

Freundlich Model
n
-10.47

R2
1

KF
8.97

R2
0.03
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ANTIOXIDANT RESPONSES OF
RAINBOW TROUT (Oncorhynchus mykiss) GILLS
AFTER EXPOSURE TO HYDROGEN PEROXIDE
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ABSTRACT
We evaluated antioxidant responses of Oncorhynchus
mykiss, experimentally exposed to different concentrations
of hidrogen peroxide (H2O2). Different concentrations of
H2O2 (50 and 100 ppm) were administrated to the fish for
30, 60 and 90 min. Samples of the gill were collected at the
end of the experiment, and analysed for their oxidant–antioxidant status, including the malondialdehyde (MDA) level,
the catalase (CAT) and glutathione peroxidase (GSH-Px) activity as well as the reduced glutathione (GSH) concentration. Results obtained showed that H2O2 significantly increased MDA level. Compared to controls, GSH level and
GSH-Px and CAT activities were significantly reduced in
the fish that were exposed to different concentrations of
H2O2. The current data suggest that H2O2 has an oxidativestress-inducing potential in fish. The various parameters
studied in this investigation can also be used as biomarkers
of exposure to H2O2.
KEYWORDS: Hydrogen peroxide, H2O2, rainbow trout, oxidative
stress, antioxidant system

1. INTRODUCTION
Hydrogen peroxide (H2O2) has recently received attention for its effective control of several bacterial, fungal and
parasite infections to fish [1-5]. This compound, which is
naturally produced during oxidative metabolism in the
cells, is a common bacteriostatic chemical found in most
environments. It is a potent source of reactive oxygen species (ROS), such as superoxide, perhydroxyl and hydroxyl
radicals, being capable of causing lipid peroxidation, destruction of protein and DNA, and the activation and inactivation of enzymes [6, 7]. Thus, bacterial pathogens must
overcome the toxic effect of ROS to establish infection,
* Corresponding author

protecting themselves by the production of superoxide dismutase and catalase enzymes [8]. In addition, H2O2 represents a more environmental-friendly alternative, because it
is decomposed readily into water and gaseous oxygen [9].
Effects of H2O2 on lipid peroxidation (LPO) and antioxidant defense systems in fish and other aquatic animals are
reported [10-14]. Hydrogen peroxide, when present in excess, is one of the many compounds that can be injurious
for the cells [15].
The aim of this study is to comparatively investigate
the effects of H2O2 on the activities of CAT, GSH-Px and
GSH as well as the content of MDA in gill tissues of rainbow trout.
2. MATERIALS AND METHODS
2.1. Fish and acute bioassays based on biomarkers

Acute bioassays with H2O2 were carried out with rainbow trouts (2.36±0.13 g). Fish were kindly supplied by the
Keban Fish Breeding Unit of IX. Region Directorate, the
State Hydraulic Works in Turkey. Fish were kept for at
least 2 weeks in 50-L glass tanks, filled with continuous
aeration before being used in experiments, fed ad libitum
with commercial food pellets, and the water quality characteristics were determined according to the APHA guidelines [16]. The mean quality parameters of water were as
follows: dissolved oxygen 8.02±0.5 mg L-1, pH 7.3±0.4,
and temperature 13± 1 °C. Experiments were conducted by
static tests in 20-L glass aquaria. Before the tests, fish were
transferred to aquaria filled with 15 L of tap water. Experiments were done in dublicate: each trial containing 15 fish
and corresponding to 30 fish for each group. Fish were exposed to 50 and 100 ppm concentrations of H2O2. Tap water with no added H2O2 was used as control, and H2O2 concentrations in the treatment tanks were monitored and maintained throughout the experiment. Samples were taken after
30, 60 and 90 min of exposure, and antioxidant responses and
lipid peroxidation were analyzed in the gills of the fishes.
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At the end of the test, fish were anaesthetized in icecold chilled water, and gill tissues were isolated for biomarker analysis. Afterwards, the gills collection from
groups (exposure and control) of 3 fish were harvested and
pooled for use in the assays. After rinsing with cold 0.09%
NaCl solution and filtering to remove fluid, the gills were
weighed meticulously. The homogenization was carried
out in a Teflon-glass homogenizer, with a buffer containing
1.15% KCl, to obtain 1:10 (w/v) whole homogenate. The
homogenates were centrifuged with 18.000×g for 30 min
at 4 °C to determine MDA and GSH concentrations as well
as CAT and GSH-Px activities.
The concentrations of MDA as indices of oxidative
stress were determined according to a modified method of
Placer et al. [17], based on the reaction with thiobarbituric
acid, and were expressed as nmol/g protein. CAT activity
was determined by measuring the decomposition of hydrogen peroxide at 240 nm, according to the method of Aebi
[18], and was expressed as k/g protein, where k is the firstorder rate constant. GSH concentration was measured by a
kinetic assay using a dithionitrobenzoic acid recycling
method described by Ellman [19], and was expressed as
μmol/g protein. GSH-Px activity was determined by the
procedure of Beutler [20]. The procedure of analysis performed was based on the oxidation of GSH by GSH-Px, coupled to the disappearance of NADPH by glutathione reductase measured at 37 °C and 340 nm, and were expressed as
U/g protein concentrations according to Lowry et al. [21].
The parametric test for ANOVA was used to compare
the groups and applied considering p <0.05. Each value
was expressed as mean ± standard deviation (SD).
3. RESULTS AND DISCUSSION
We induced oxidative stress in gills of rainbow trout by
giving different doses of H2O2. The given doses of H2O2
caused an imbalance in the anti-oxidative defence mechanism by the excessive generation of ROS. The imbalance
was measured in terms of changes in the activities of the enzymes CAT, GSH-Px, and in the level of GSH. Our results
demonstrated enhance in oxidative stress, induced by H2O2.
The effects of H2O2 exposure on MDA in rainbow trout
are presented in Table 1, where it can be seen that MDA

levels were significantly (p <0.05) increased. The increases
in the mean values of MDA in the experimental groups
were 16.31, 29.03, 65.80, 71.16, 76.30 and 77.80%, respectively, over control values. The major reactive aldehyde resulting from the peroxidation of biological membranes is
malondialdehyde (MDA) [22]. It is used as an indicator of
tissue damage by a series of chain reactions [23]. Malondialdehyde (MDA), the end-product of lipid peroxidation, is a
good marker of free radical–mediated damage and oxidative
stress [24]. The extent of LPO is determined by the balance
between the production of oxidants and the removal and
scavenging of those oxidants by antioxidants. Therefore, lipid peroxidation has been extensively used as a marker of
oxidative stress [25]. The extent of LPO is determined by the
balance between the production of oxidants and the removal
and scavenging of those oxidants by antioxidants [26-28].
Our investigations have shown that gills are the organs most
sensitive to the LPO induced by xenobiotics. Gills are the
primary sites for the absorption of H2O2. It is, therefore, obvious that we noted a high level of LPO coupled with depletion of antioxidant enzymes in the gills. Lipid peroxidation
has been extensively used as a marker of oxidative stress
[29]. In the present investigation, we also showed that LPO
estimation could provide useful information about the exposure to H2O2. The results showed that the exposure to different doses of H2O2 caused a significant increase in oxidative
stress in gills of rainbow trout, as being evident from the increased levels of MDA in all groups. Previous experiments
have shown the role of decreasing MDA levels in animals
exposed to H2O2 [30, 31].
Changes in CAT activity in rainbow trouts are shown in
Table. 1. The enzyme activities at all the concentrations were
decreased when compared to those in the control group. In
all the H2O2-treated groups, CAT activity was significantly
(p <0.05) induced, with an approximate 78.73% decrease in
the 50 ppm/60 min H2O2 group, compared with the control
group. The decreased levels of CAT observed in the gills of
the fish repeatedly exposed to all concentrations of H2O2
suggests that the enzyme induction might be restricted to the
organs (i.e., the gills) coming into direct contact with the
compound, and it is possible to reduce the oxidative stress
caused by the increased oxyradical production in the gill tissue. Induction of enzymes increases the rate of xenobiotic
transformation [32]. Thus, induction of protection systems
after exposure to ROS may be an important adaptive response to non-lethal insults by H2O2 [33].

TABLE 1 - Biochemical parameters of control and experimental groups of fish exposed to 50 and 100 ppm H2O2 for 30, 60 and 90 min.
Parameters

Control

50 ppm + 30 min

50 ppm + 60 min

50 ppm + 90 min

100 ppm + 30 min

100 ppm + 60 min

MDA
137.9 ±21.90
177.15±9.76a,b,c
182.88±16.46a,b,c
188.36±2.85a,b,c,d
106.84 ±5.56 129.28 ±5.66a
(nmol/g protein)
CAT
2.44 ± 0.11a
1.58 ± 0.21a,b
3.35 ± 0.41a,b,c
2.72 ± 0.74a
3.35 ± 0.70 a,c
7.43 ± 1.08
(k/g protein)
GSH
31.84 ± 8.44
31.54 ± 2.94
37.21± 3.13
33.76 ± 9.60
31.59 ± 3.83
29.46 ± 3.44a
(μmol/g protein)
GSH-Px
5.74 ± 0.31
5.50 ± 0.22 a,b,c
6.59 ± 0.51
6.23 ± 0.19
5.98 ± 0.13
5.64 ± 0.14a,b,c
(U/g protein)
a: control; b: 50 ppm + 30 min; c: 50 ppm + 60 min; d: 50 ppm + 90 min; e: 50 ppm + 90 min; f: 100 ppm + 60 min H2O2 exposed groups, p < 0.05.
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100 ppm + 90 min
190.0 ±18.30a,b,c,d
1.97 ± 1.03a
32.46 ±5.56
5.24 ± 0.26 a,b,c
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Changes in GSH activity are shown in Table 1. In all
experimental groups, the GSH level was lower than that in
control fish. With time increasing, GSH activity decreased
reaching a maximum of approximately 20.80% at 50 ppm/
90 min H2O2 treatment, compared to the control group. In
this study, a decrease in GSH was observed in all experimental groups. GSH is central to the cellular antioxidant
defences, and acts as an essential co-factor for antioxidant
enzymes such as GPx. Under oxidative stress, glutathione
is consumed by the glutathione reductase to detoxify peroxides produced due to increased lipid peroxidation [34].
Reduction in the GSH level may be due to indirect conjugation with excess electrophiles, produced due to H2O2 exposure. In a previous study, increase in GSH level was reported on exposure of H2O2 in Walleye [13]. But, in this
study, a decrease in the GSH level was observed. The reduction in the GSH level in this study may be due to direct
conjugation of GSH with electrophile species which are
produced increasingly by H2O2 exposure, or due to inhibition of enzymes, such as GR, GPx, etc., which are involved
in GSH synthesis and regeneration. The reduction in the
CAT level may be due to the excessive production of superoxide anions after exposure to H2O2, and decreased levels of CAT and GSH have been previously reported in fish
and several animals exposed to some xenobiotics [35, 36].
Treatment of rainbow trout with H2O2 caused a dosedependent change in GSH-Px activity. These data are
shown in Table 1. GSH-Px activities were continuously induced at all groups of H2O2 concentrations showing a decrease (p <0.05).Our study indicates that GSH-Px activity
decreased in all the experimental groups compared to the
control. This is likely to be the result of oxidative stress.
GSH-Px is involved in protecting cytosol and plasma
membrane from LPO [37]. Hydrogen peroxide exposure
leading to a decrease in GPx activity in our study may be
due to the depleted level of GSH. Our data are in accordance with reports on Channa punctatus, in which reduced
GSH-Px activity was observed in the gills of a xenobioticexposed fish [38].
Our results show a decrease in GSH level as well as
CAT and GSH-Px activity in the gills of rainbow trouts
demonstrating a protective response in rainbow trouts towards exposure to an oxidative stress-inducing H2O2.
However, the induction pattern of glutathione and catalase
under long-term exposure conditions needs to be investigated.
The authors have declared no conflict of interest.
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ABSTRACT
The removal of Acid Orange 7 (AO7) from an aqueous
solution using activated carbon and graphene as two organic adsorbents has been studied. Batch experiments for
dye removal had been carried out, and the effects of some
operational parameters, such as initial dye concentration,
pH, contact time and different doses of activated carbon
and graphene, were investigated. Results showed that, at
75 mg/L as initial dye concentration, after 420 min, the removal efficiency values by activated carbon were equal to
94% for AO7. In contrast, graphene was capable of removing AO7 at all initial concentrations, with a removal efficiency in the range of 98-100% after 180 min. The removal
process was fast and more efficient at pHs equal to 3 by
both carbon and graphene. According to the results of this
research work, the absorption process of dyes by graphene
reaches a balance very quickly when compared with activated carbon. Therefore, graphene acts as suitable adsorbent, and can be applied in treating industrial effluents and
contaminated water in greater scales.

KEYWORDS:
Acid orange 7, active carbon, graphene, adsorbent

1. INTRODUCTION
Dyes are one of the most important pollutants found in
effluents of industries, such as pharmaceutical, leather-making, paper-making, and especially, textile industries; they
enter the environment and their removal has always been
one of the main goals in controlling the effluent pollution
of these industries [1-3]. Dyes are a group of toxic organic
compounds which have complex aromatic structures, and
are chemically and photo-chemically stable [4, 5]. Discharge
of color wastewater to surface water disrupts the balance of
* Corresponding author

the ecosystem and hinders optimal use of water psychologically because small amounts of dye (< 1 mg/L) can be easily seen in water [6]. Also, most of them have carcinogenic
effects and, in most cases, cause genetic mutations in living
organisms [7]. Colors are divided into various types based
on their applications, and >50% of colours are azo dyes [8,
9]. Reactive azo dyes are water-soluble and anionic dyes,
which are widely used in the industry due to their high durability. Owing to their complex structure and synthetic
origin, these dyes are very stable and resistant to photodegradation and chemical degradation. In some cases, they
contain certain compounds that can produce toxic by-products through chemical reactions that occur in water. So far,
several methods have been used, such as absorption, oxidation, coagulation, flocculation, biological degradation,
chemical degradation, membrane methods and photo-degradation to remove dyes from industrial effluents; each of
them has several drawbacks and limitations [6, 9, 10]. For
example, high operating costs, clogging and pretreatment
are the main problems related to the membrane methods
[10]. Moreover, production of sludge containing high
amounts of dye is one of the disadvantages of the coagulation and flocculation processes; it requires some processes,
such as sludge sedimentation, dewatering, and compression, thus increasing treatment system costs. Adsorption
process is one of the most significant processes in the field
of dye removal, and it is better than other methods due to
its low cost, ease of operation, and insensitivity to toxic
substances [11]. Adsorption is a process in which contaminants are transferred from one environment to another
making them easier to be separated [12]. So far, different
materials, such as sawdust, dry active sludge and natural
zeolite [11, 13, 14] have not been used widely as absorbents because of various problems like high costs, adsorbent revival and activation. When the removal process is
introduced based on adsorption, activated carbon is always
a good choice in removing various contaminants. Activated carbon is made of different materials, such as wood,
coal and coconut shell, and has a high surface area [15-17].
Another carbon material is graphene which is a single-layer
two-dimensional carbon material with nano-pores. Owing
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to its special physico-chemical and mechanical properties
like high porosity and surface area, thermal stability, mechanical strength and high electrical conductivity, it has
been taken into account by many researchers [18, 19]. It is
the product of the reduction process of a material called graphene oxide [20]. In previous studies, graphene has been
used as a new adsorbent in removal of fluoride [21], and contaminants such as arsenic and sodium [19], from aquatic solutions. Due to expansion of azo compounds and their numerous applications in various industries, especially in textile industry, the present research was carried out to compare removal efficiency of AO7 dye from aquatic environments using graphene and activated carbon as adsorbents.
2. MATERIALS AND METHODS
Different factors (including changes in the initial concentration of dye AO7, pH, adsorbent dose and contact
time on the dye adsorption process by graphene and activated carbon) were considered separately for every adsorbent. At first, in order to study the equilibrium time, 250 ml
solutions of 50 and 100 mg/L AO7 dye were prepared, and
20 mg of graphene and 0.2 g of activated carbon were
added to each solution in separate phases. These compounds
were mixed, and the concentration of the remaining dye was
measured after 5, 10, 20, 30, 45, 60 to 480 min; this process
was continued until adsorption rate became zero, or until
the rate of adsorption-desorption material became equal.
After the determination of the equilibrium time, stoke solution of dye AO7 was prepared by dissolving solid dye in
distilled water in order to study the effects of initial concentrations of the dye. Then, to prepare similar effluents,
some samples with certain concentrations of AO7 (25, 50,
75 and 100 mg/L) were prepared using these stoke solutions for examination. To study the effect of pH on the adsorption process, some solutions with initial concentrations
of 50 mg/L of the given dye were prepared, and their pH

was adjusted in the range of 3, 7 and 10 using 1n HCl and
NaOH. In the next step, 50 and 100 mg/L solutions of dye
AO7 were prepared to examine adsorbent dose on process
efficiency, and the effects of changes in the mass of graphene (0.04, 0.08, 0.16, 0.24, 0.32 and 0.4 g/L) and activated carbon (0.2, 0.4, 0.8, 2 and 4 g/L). One of the important features of adsorbents, such as activated carbon and
graphene, is Point of Zero Charge (pHPZC). Determining
pHPZC and pollutant electric charge, an appropriate point of
pH is obtained for the absorption process [22]. To determine
this parameter, 30 ml electrolyte solution of salt (0.01 molar) was poured into six 50-ml flasks. The pH of solutions
was adjusted in the range from 2 to 12 using 0.1-molar HCl
and sodium. Optimal amount of adsorbent was added to
every flask, and flasks were placed on a shaker with the
speed of 120 rpm for 48 h. Then, the final pH of the flasks
was read after smoothing by a pH-meter (Sension1). The
pHPZC point of the adsorbent will be determined from drawing the graph of initial pH values to the final pH. All the
methods used in this research were taken from the book
“Standard methods for the water and wastewater experiments” [23]. In order to model the process equilibrium, a
solution of AO7 dye was prepared with concentration of
100 mg/L and pH of 3. Then, 250 ml of the solution was
taken at a constant temperature (25 °C) and poured into a
flask. A certain amount of adsorbent (2 mg for graphene,
0.2 g for activated carbon) was poured into the flasks. Samples were taken from the flasks at certain intervals, and adsorbent equilibrium time was determined by drawing concentrations of the remaining dye and sampling times. Calibration curve of AO7 dye was read and plotted spectrophotometrically at 497 nm [24, 25].
The resulting numbers represent the dye concentration
extracted from the calibration curve. All the numbers were
measured for 3 times, and numbers resulting from undetermined errors were removed, and the mean values were calculated. Calibration curve of AO7 dye was plotted up to

FIGURE 1 - The calibration curve of AO7 at UV497.
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maximum absorption of 2.3 in the concentration range of
2-50 mg/L. Concentrations above 50 mg/L of AO7 were
determined by extrapolation. Finally, the adsorbed AO7
dye (mg/g), qe, was determined as follows (Equation 1):
1
where, C0 and Ce are initial concentration and balance concentration of the dye in the liquid phase (mg/L), respectively, V is the solution volume (L), and M is the amount
of adsorbent (g). Percentage of color removal is calculated
as follows (Equation 2):
%

. 100

2

where, C0 and Cf are the initial and final concentrations
of the dye after adsorption process [24].
3 RESULTS AND DISCUSSION
In this study, the activated carbon and graphene were
compared as two organic adsorbents to remove AO7 dye

from aquatic environments. In this case, the effects of various parameters, such as changes in initial dye concentration (AO7), pH and dose of both activated carbon and graphene were examined on dye adsorption process at different stages, which will be explained in detail.
3.1 Effect of initial dye concentration

The initial concentration of pollutants is one of the major factors affecting the adsorption process; thus, different
concentrations of the dye AO7 were examined in the range
of 25-50 mg/L using the activated carbon and graphene.
Results are shown in Fig. 2. According to Fig. 2 (a), when
the activated carbon was used in the experiments as an adsorbent, initial dye concentration increased, and the
amount of adsorbed dye increased too; that is because efficiency of removal process is affected by initial concentration of dyes. As shown in the figure, process efficiency increased significantly at all concentrations up to a contact
time of 180 min. From 180 to 480 min, however, no significant change was observed in most concentrations. After
480 min, the highest level of dye removal (94%) was ob-

FIGURE 2 - The influence of initial dye concentrations AO7 using a: active carbon, and b: graphene.
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served at the initial concentration of 75 mg/L. On the other
hand, the lowest dye removal efficiency (84%) was observed at the initial concentration of 25 mg/L. Thus, as concentration of pollutant increased from 25 to 75 mg/L, removal process efficiency increased too. When initial dye
concentrations increased by 100 mg/L, process efficiency
decreased which can be due to the fact that in initial and
early stages of absorption, a large number of empty surface
sites are available for adsorption; but over time, the remaining active surface sites decreased and dye adsorption decreased consequently. This can be due to repulsive forces
between the molecules adsorbed onto the solid adsorbent
surface and bulk mass [24]. Similar results have been reported by Cavos and Cengiz [26].
Similar results were also observed for graphene. According to Fig. 2 (b), as contact time between graphene and
the pollutant increased, process efficiency increased. However, after 60 min of reaction time, dye removal rate
reached equilibrium and no change was observed in dye
removal. As seen in this figure, initial dye concentration
had no significant impact on the efficiency of the process;
after 180 min of reaction time, dye removal efficiency of
graphene was 98-100% at all concentrations (25, 50, 75
and 100 mg/L). Therefore, it can be said that changes in
initial dye concentration had no significant effect on graphene efficiency, and this adsorbent is able to remove different concentrations of the studied dye, with high efficiency. Results of this research are in line with the results
of a study carried out by Tao Yang et al. [27] on methylene
blue removal using graphene oxide, and a study carried out
by Varma et al. [28] on arsenic removal using graphene
nano-composite.
3.2 Effect of pH

Change in pH of the solution is one of the factors that
affects the tendency of adsorbent surface to the dye and
changes adsorbent efficiency. In this case, to study the effect of pH on the efficiency of the adsorption process, a
solution with initial concentration of 50 mg/L of color was
examined at pH 3, 7 and 10. Results are shown in Fig. 3.
According to Fig. 3 (a), when the activated carbon was
used, the highest dye removal efficiency was observed at
pH 3 and a contact time of 120 min, AO7 removal efficiency was 78%, while it was 100% at a contact time of
360 min. However, the lowest efficiency was observed at
pH 7 (96 %). Figure 3 (b) shows the efficiency of graphene
as an adsorbent in removal of AO7 dye. A high dye extraction rate by graphene (98%) was observed at pH 3. However, the lowest efficiency (96%) was observed at pH 10.
According to Fig. 3 (c), pHzpc was 6 for activated carbon
and 6.3 for graphene. This is one of the surface features of
adsorbents. Adsorbent surface has negative charge at levels
higher than this point but positive charge at lower levels.
Since this dye is anionic, its high adsorption at pH 3 can be
due to the presence of ions with opposite electric charge at
the adsorbent surface. Therefore, it can be said that increasing pH levels in the solution increased both processes, but

decreased removal efficiency, possibly due to increased
positive charge on adsorbents at lower pHs, since, at low
pHs, positive charges increased on the adsorbent due to
protonation of amine and hydroxyl groups, and a suitable
electrostatic adsorption was created between adsorbent and
anionic dye [27]. Results of this research are similar to
those of a study by C. Chompuchan on decolorization of
Reactive Black 5 and Reactive Red 198 using nano-scale
zerovalent iron [24].
3.3 Effect of contact time

Contact time between solution and the adsorbent is one
of the most important parameters affecting the practical applications of adsorption processes. Figure 4 shows the effect of contact time on the removal capacity and percentage
of AO7 dye using activated carbon and graphene. As
shown herein, when activated carbon is used as an adsorbent, adsorption capacity and removal percentage of AO7
increased rapidly during the initial stages, and then decreased reaching the equilibrium state at a slower rate. As
the results show, the highest removal efficiency of AO7
with concentration of 50 mg/L is 89% at a contact time of
300 min. At concentration of 100 mg/L, the highest efficiency is 90%, at a contact time of 360 min. On the other
hand, when graphene is used, the highest efficiency (100%)
is achieved at both concentrations of 50 and 100 mg/L and
a contact time of 240 min. As shown herein, AO7 adsorption process quickly reached equilibrium state when using
graphene, while it reached the equilibrium state after 300420 min in the case of activated carbon. Thus, graphene
can effectively remove AO7 dye from aquatic environments in shorter contact times. It is related to physicochemical and mechanical properties of graphene as well as
large surface area and high porosity increase of absorption
active sites available for the dye [18, 19]. Results of the
present article are in line with the results of a study carried
out by Yang et al. [27] on removing methylene blue using
graphene oxide. In this study, the highest removal efficiency was observed at pH 5, and as pH increased, dye removal efficiency decreased.
3.4 Effect of absorbent dosage

Adsorbent concentration is one of the important features in adsorption process. Adsorbent concentration determines the capacity of the activated carbon as an adsorbent
in the present study for an initial concentration of AO7.
The present study was designed to investigate the effect of
adsorbent dosage on the adsorption process at concentrations of 0.2-4 g/L of the activated carbon at an optimal pH
of 3, initial concentration of 50 mg/L of the given dye and
contact time of 360 min. Figure 5 (a) shows the effect of
different doses of activated carbon in removal of dye AO7.
When concentration of activated carbon increased from 0.2
to 4 g/L, process efficiency increased too. At concentrations of 0.2 to 4 g/L of the activated carbon, AO7 dye removal efficiency increased from 76 to 82%, at a contact
time of 10 min. This is due to the fact that increased activated carbon increases available sites, and thus increases
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FIGURE 3 - The influence of pH on removal of AO7 using a: active carbon, b: graphene, and c: determination of pHZPC.
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FIGURE 4 - The influence of contact time on removal of AO7 using a: active carbon, and b: graphene.

pollutant removal efficiency. According to the results, removal efficiency was 100% at activated carbon concentrations of 0.4, 0.8, 2 and 4 g/L and a contact time of 120 min.
Also, in order to study the effect of graphene dose on
the adsorption process, 0.04 to 4 g/L of adsorbent was
tested at pH 3, initial concentration of 50 mg/L and contact
time of 120 min. Figure 5 (b) shows the results of these
experiments. Based on the results, as concentration of graphene increased from 0.04 to 0.5 g/L, AO7 removal efficiency increased from 76 to 84%. At the contact time of
120 min, the absorption efficiency was 100% at all concentrations. This can be due to the high surface area of adsorbents, and even at low concentrations of adsorbents, dye
available adsorption sites were high [26, 11].
3.5 Adsorption kinetics study

To percept the dynamics of the adsorption reaction,
data can be analyzed from the adsorption kinetics [29, 30].

In this study, to achieve these goals, first and second order,
Elovich and intra-particle diffusion kinetics were examined. Equations and linear forms of each of the kinetic
models are shown in Table 1.
First order kinetics: This is one of the most wellknown kinetic models to describe that absorption rate is
based on the absorption capacity [31]. Kinetic adsorption
process follows the first equation when the initial concentration of the adsorbate is very high [32]. The results in Table 2 indicate that this model is not consistent with dye adsorption on activated carbon and graphene. Figure 6 shows
the first-order kinetic curves.
Pseudo second order kinetic: In many studies, adsorption kinetics follow the pseudo-second order. If the initial
concentration is low, in most cases, the kinetic equation is
a pseudo second order [32]. Figure 7 shows the pseudosecond order kinetic. The results in Table 2 indicate that
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FIGURE 5 - The influence of absorbent dosage on removal of AO7 using a: active carbon, and b: graphene.

TABLE 1 - Equations and linear forms of kinetics.
Kinetic

Equation

Linear form

References

Pseudo first order

dqt
 k1 (qe  qt )
dt

logq e  q t   logq e  

Pseudo second order

dqt
 k2 (qe  qt ) 2
dt

t  1

q t  k 2 q e2

Elovich

dqt
  exp( qt )
dt

1
1
q e    ln     ln t
 
 

Intraparticle diffusion

-

q t  K dif t 0.5  C
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FIGURE 6 - First-order kinetic curves on removal of AO7 using a: active carbon, and b: graphene.

FIGURE 7 - Second order kinetic curves on removal of AO7 using a: active carbon, and b: graphene.
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FIGURE 8 - Elovich kinetics curves on removal of AO7 using a: active carbon, and b: graphene.

FIGURE 9 - Intraparticle diffusion kinetic curves on removal of AO7 using a: active carbon, and b: graphene.
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TABLE 2 - The parameters obtained from various kinetic models using different AO7 concentrations.
Kinetic
Pseudo first order (Carbon)
Pseudo first order (Graphene)

Pseudo second order (Carbon)

Pseudo second order (Graphene)

Elovich (Carbon)
Elovich (Graphene)
Intraparticle diffusion (Carbon)
Intraparticle diffusion (Graphene)

AO7 concentration (mg/L)
25
50
75
0.006
0.02
0.01
10.12
46.23
29.51
0.57
0.94
0.75
0.014
0.02
0.02
99.77
253.34
429.71
0.85
0.88
0.92
0.002
0.0006
0.001
27.77
59.88
92.59
1.31
3.79
2.76
0.99
0.99
0.99
0.0004
0.0001
0.00007
312.5
666.66
1000
1.31
3.79
2.76
0.99
0.99
0.99
0.37
0.92
0.64
0.23
0.091
0.07
0.91
0.97
0.87
0.37
0.92
0.64
0.025
0.01
0.005
0.90
0.90
0.92
0.9
2.39
2.87
12.51
15.91
44.13
0.74
0.87
0.66
9.91
24.19
48
180.43
324
332
0.72
0.72
0.75

Kinetic parameter
k1
qe cal
R2
k1
qe cal
R2
k2
qe cal
h×1000
R2
k2
qe cal
h×1000
R2
α
β
R2
α
β
R2
Kdif
C
R2
Kdif
C
R2

100
0.008
87.67
0.97
0.024
627.51
0.92
0.0002
125
2.76
0.99
0.00007
1250
2.76
0.99
0.64
0.042
0.98
0.64
0.004
0.93
5.23
20.33
0.92
62
480
0.76

this model is consistent with dye adsorption on activated
carbon and graphene. The R2 values of pseudo-second order kinetic model for dye adsorption on activated carbon
and graphene are equal to 0.99.

to changes in initial pollutant concentrations, and is capable
of removing different concentrations of the studied dye.
Therefore, graphene can be used as a suitable adsorbent to
treat industrial wastewaters and water contaminated by dyes.

Elovich kinetic: Another equation used for the analysis
of the absorption kinetics is Elovich [32]. The results in
Table 2 indicate that this model is not consistent with dye
adsorption on activated carbon and graphene. The kineticdata are given in Table 2, and Fig. 8 shows Elovich kinetic curves.

The authors have declared no conflict of interest.

Intraparticle diffusion kinetic: Adsorption process involving the transfer of soluble molecules from the liquid
phase to a solid surface, and then, broadcasting these molecules within the pores of the adsorbent is a very slow process that requires the determination of the rate. The intraparticle diffusion model is used to determine this speed
[32]. The results in Table 2 indicate that this model is not
consistent with dye adsorption on activated carbon and graphene. Figure 9 shows the intraparticle diffusion model.
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MONITORING OF INSECTICIDE RESISTANCE
IN STORED PRODUCT PESTS IN TURKEY
Sakine Ugurlu Karaağaç
Karabük University, Engineering Faculty, Environmental Engineering Department, 78050 Karabük-Turkey.

ABSTRACT
The purpose of this study was to monitor insecticide
resistance in populations of Sitophilus zeamais Motsch. and
Sitophilus granarius (L.), Tribolium castaneum (Herbst) and
Tribolium confusum du Val and Rhyzopertha dominica (F.)
collected from different locations in Turkey. Three insecticides, malathion, chlorpyriphos-methyl, and pirimiphos-methyl were tested by using a discriminating dosage technique
with impregnated filter papers. Mortality percentages were
determined at the discriminating doses of insecticides. In
Sitophilus spp. and Triboliim spp. discriminating doses for
malathion and pirimiphos-methyl were used based on the
IRAC susceptibility test method No:006. The others were
used depending on the reference discriminating doses. The
results obtained in these bioassays suggest that there was
no insecticide resistance for chlorpyriphos-methyl in all
tested species. For malathion, there was also no resistance
other than Ankara strains of T. castaneum, S. zeamais and
Karaman strains of S. zeamais. For pirimiphos-methyl, only
the Ankara strain of R. dominica had resistance. Monitoring
of resistance is important to adopt proper control measures
for pest management for stored product pests.
KEYWORDS: stored-product pests, insecticide resistance, malathion, pirimiphos-methyl, chlorpyriphos-methyl.

1. INTRODUCTION
Wheat is an important product for Turkey and it is frequently damaged by stored product insect pests during storage. Turkey has many species of stored product pests because of its highly suitable climatic conditions. The granary weevil Sitophilus granaries L., maize weevil Sitophilus
zeamais (Motsch.) (Coleoptera: Curculionidae), red flour
beetle, Tribolium castaneum(Herbst.), confused flour beetle
Tribolium confusum du Val (Coleoptera: Tenebrionidae)
and the lesser grain borer, Rhizopertha dominica (F.) (Coleoptera: Bostrychidae) are among the most important pests of
stored grain and cereal products in Turkey.
Pests of grains cause losses of approximately 10 % in
the stored cereals [1]. The chemical control method is widely

used to control these pests through spraying of empty warehouses, fumigation, and direct application to stored grains.
The use of insecticides to control insects in stored products
is usually not a matter of choice between methods of control,
but a choice between use of insecticides and food losses.
Malathion is the most widely used organophosphate
(OP) grain protectant in Turkey for treating stored wheats.
Malathion, which was firstly registered in Turkey in 1964,
has been widely used for many years as a protective treatment against these pests for an empty warehouse and surface treatment. Since malathion applied to grain breaks
down rapidly, many stored-grain insects are resistant to the
insecticide [2,3]. It is also used to control many insect pests
in the agricultural areas in Turkey. Pirimiphos-methyl and
chlorpyriphos-methyl were registered in 1976 and 1985,
respectively and they are also recommended as a grain protectant in Turkey. In spite of widespread usage of these insecticides in Turkey, the populations of target insects are
not monitored regularly in terms of resistance status. Dörtbudak et al. [4] found out that there was no resistance to
malathion in S. granarius populations collected from Ankara and Eskişehir provinces in Turkey. However, resistance to stored product pests has been widely acknowledged in different countries in the recent times. The occurrence of resistance to insecticides in Tribolium populations
is a worldwide problem [5-7].
Insecticide resistance and the consequent loss of food
arising from the failure of chemicals to control pests cause
the loss of several billion dollars all around the world each
year [8]. This study determined the resistance status of the
stored product pests S. granarius, S. zeamais, T. confusum,
T. castaneum and R. dominica collected from public and private stores in different provinces by using the discriminating
doses of malathion, pirimiphos-methyl and chlor-pyriphosmethyl.
2. MATERIALS AND METHODS
2.1 Insects

Insect populations of S.zeamais, S. granarius, T.confusum, T.castaneum, and R. dominica were collected from
infested products in different locations in Turkey in 2013
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and 2014 (Table 1). They were reared on whole wheat grain
free of insecticide and cracked wheat and maintained under
controlled conditions of 25±2 ⁰C and 70 ±5 % r.h. Insects
were allowed to breed for several generations until sufficient
insect numbers were available for resistance testing.

themselves. A gentle push with forceps is usually sufficient
to categorize individuals. Mortality percentages were calculated directly from the experimental results without using Abbott’s formula, since the control mortality did not
exceed 5 %. The correction is virtually negligible when
control mortalities are below 5%[11].

2.2 Chemicals

The insecticides used in this study were malathion, pirimiphos-methyl and chlorpyriphos- methyl. The technical
grade (96%) of malathion was obtained from Safa Agricultural Chemicals Company in Turkey. Pirimiphos-methyl
(99.5%) and chlorpyriphos-methyl (97.5%) were obtained
from Labor Dr. Ehrenstorfer, Germany. Pure acetone was
obtained from Sigma Chemicals. Fluon was obtained from
DuPont Agrochemical Company in Turkey.
2.3 Insecticide bioassays

All populations were tested in terms of toxicity of malathion, pirimiphos-methyl and chlorpyriphos-methyl insecticides by using filter paper technique with discriminating doses. Discriminating doses for malathion and pirimiphos-methyl were used according to the IRAC test method,
No: 006 in Sitophilus spp. and Tribolium spp. [9]. Discriminating doses for chlorpyriphos-methyl in all tested populations and for malathion and pirimiphos methyl in R. dominica were used as indicated in references[10, 7].
Adult beetles (2-4 weeks) are collected by sieving the
infested commodity prior to testing and placed in vials in
groups of 40. The procedure was repeated until the required
number was reached to minimize the batch variation. These
insects were kept without food for 1 h at 25±2 ⁰C and approximately 70 % r.h. before assigning batches randomly
to treatments.
Insects were treated by exposing them to filter papers
impregnated with insecticide with acetone. Technical
grade (96 %) of malathion, pirimiphos-methyl (99.5%) and
chlorpyriphos-methyl (97.5%) was dissolved in acetone.
Whatman No: 1, 5.5 cm filter paper discs were treated with
the appropriate solutions of 0.5 ml. Treated papers were
air-dried for 30 min to evaporate the solvents.
The discs treated with diagnostic dose solutions were
laid on a clean glass plate and placed in glass rings with 5cm diameter and 2.5-cm height centrally on the top of papers. The inside surface of rings was painted with a thin
film of fluon to prevent escape of Sitophilus spp. Then, ten
insects were placed on test papers inside rings. Approximately 80-100 insects were used for each experiment. For
the control, only acetone impregnated filter papers were
used. Rings were covered with fine-mesh screen to prevent
immigration or escape by flight. Then, insects were kept at
25±2 ⁰C and approximately 70 % r.h. Mortality was assessed after the recommended exposure period (according
to species). This period was 6 hours for Sitophilus spp., 5
hours for Tribolium spp., and 24 hours for others. At the
end of the exposure time, the insects were examined and
corresponding numbers were recorded. Insects were
deemed as dead if they were ataxic and unable to right

3. RESULTS AND DISCUSSION
Table 1 illustrates mortality percentages in populations
treated with discriminating doses of malathion, chlorpyrifos-methyl, and pirimiphos-methyl.
3.1 Malathion

In the bioassays of Sitophilus spp, only one strain of S.
zeamais (Ankara) was resistant to malathion (Table 1). The
other seven strains (Karabük, Kayseri, Mersin, Samsun,
Tekirdağ, Konya and Karaman strains) were susceptible to
malathion. In Tribolium spp. bioassays with malathion, the
Ankara strain of T. castaneum was the most resistant,
whereas Mersin, Tekirdağ strain of T. castaneum and
Konya strain of T. confusum were susceptible to malathion.
All populations of R. dominica tested were susceptible to
malathion. Similar results were also obtained in other studies. In Brazilian populations of S. zeamais, the resistance
was not observed to the frequently used organophosphate
insecticide pirimiphos-methyl, nor to malathion, widely
used in 1970s and 1980s in that country [12]. Rossi et al.
[13] determined that T. castaneum populations were generally more susceptible to malathion, diazinon and piretrins
compared to T. confusum populations collected from 18
different locations in Italy. They also showed that the highest resistance levels were observed to the pyrethroids deltamethrin and cypermethrin. The lowest resistance levels
were observed.
3.2 Pirimiphos-methyl

All populations of Sitophilus spp. tested were susceptible to pirimiphos-methyl, other than Konya strains of S.
granarius. Similarly, all populations of the T. castaneum
tested were also susceptible to pirimiphos-methyl. Although the Ankara strain of R. dominica was resistant to pirimiphos-methyl, Mersin and Tekirdağ strains were susceptible. Furthermore, only one strain of O. surinamensis
tested was found to be susceptible to pirimiphos-methyl.
Kljajic and Peric [14] reported high levels of resistance to
pirimiphos-methyl mostly for populations of S. oryzoe,
Acanthoscelides obtectus (Say) (Coleoptera: Bruchidae)
and. O. surinamensis, while corresponding resistance to
malathion was observed in Plodia interpunctella (Hübner)
(Lepidoptera: Pyralidae) and T. castaneum. Populations of
T. confusum, S. oryzae and O. surinamensis had a high proportion of resistant individuals to malathion [15].
Chlorpyrifos- methyl

This study indicates that Ankara strains of T. confusum, and Mersin, Tekirdağ and Konya strains of T. cas-
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TABLE 1 - Mortality in populations treated with discriminating doses of malathion, chlorpyrifos-methyl and pirimiphos-methyl.
Insecticides

Malathion

Pirimiphos-methyl

Chlorpyrifos-methyl

Populations

Discriminating Dose
(mg/disc)
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

Mortality
(%)
72.2
92.2
88
100
98
100
95
100

Tribolium castaneum- Ankara
Tribolium confusum- Konya
Tribolium castaneum- Mersin
Tribolium castaneum -Tekirdağ

0.5
0.5
0.5
0.5

3.3
98
92.2
100

Rhizoperta. dominica-Tekirdağ
Rhizoperta dominica –Ankara
Rhizoperta dominica-Mersin
Sitophilus zeamais- Ankara
Sitophilus zeamais- Mersin
Sitophilus zeamais -Samsun
Sitophilus zeamais -Karabük
Sitophilus granarius - Konya
Sitophilus zeamais - Tekirdağ
Sitophilus zeamais - Karaman
Sitophilus granarius-Kayseri

1.75
1.75
1.75
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

100
92
90
100
100
95
100
88
92.2
100
100

Tribolium castaneum - Tekirdağ
Tribolium castaneum - Ankara
Tribolium castaneum- Mersin
Tribolium confusum- Konya

0.7
0.7
0.7
0.7

95
100
94
96

Rhizoperta dominica - Ankara
Rhizoperta dominica - Mersin
Rhizoperta dominica -Tekirdağ
Tribolium castaneum- Mersin
Tribolium castaneum -Ankara
Tribolium castaneum-Tekirdağ
Tribolium confusum -Konya

1.75
1.75
1.75
0.35
0.35
0.35
0.35

70
100
98
100
100
100
100

Rhyzopertha dominica-Tekirdağ

1.25

100

Sitophilus zeamais-Ankara
Sitophilus granarius-Konya
Sitophilus zeamais-Karaman
Sitophilus zeamais-Tekirdağ
Sitophilus zeamais-Karabük
Sitophilus zeamais-Mersin
Sitophilus zeamais-Samsun
Sitophilus granarius -Kayseri

taneum were susceptible to chlorpyrifos-methyl. Tekirdağ
strains of R. dominica and O. surinamensis were also susceptible to chlorpyrifos-methyl. This study confirms the results of the study conducted by Beeman and Wright [7] that
Kansas populations of O. surinamensis, T. castaneum, R.
dominica, and Crytolestes spp were generally susceptible
to chlorpyriphos-methyl and pirimiphos-methyl. But, resistance to chlorpyrifos-methyl was detected in 39% of the
O. surinamensis population in New South Wales [15].
In contrast to the results of this study, Haliscak and Beeman [10] showed that TPP-suppressible malathion resistance
was widespread in red flour beetle, T. castaneum populations
infesting farm-stored grain throughout U.S. grain belt. Considerable resistance was also encountered in the lesser grain
borer, R. dominica in U.S. The resistance ratios (RRs) for
malathion at the LD50 were 17.6 for beetles from Nikinci, and
26.0 for beetles from Jakovoin Serbia [16].
Comparison of data is not easy due to the different bioassay protocols employed and the huge variety of insecticides
used [13]. Insects successfully adapted to most insecticides
by becoming physiologically or behaviorally resistant [17].

In postharvest ecosystems, the development of insecticide resistance is of major concern in many countries [18]. Cases of
resistance of stored product insects to grain protectants [6, 19]
and fumigants[20] have been well documented.
Resistance to DDT and pyrethroids was reported in the
early 90s and more recently, a few cases of organophosphate as well as pyrethroid resistance have been reported
[21, 12]. Perez-Medoza [22] also described resistance in
strains of S. zeamais in Mexico. In this country, maize weevil resistance to deltamethrin and permethrin was in its initial stages because these insecticides were registered as
grain protectants only after 1992. In Australia, Oryzaephilus surinamensis (L.) was described as resistant to commonly used pesticides, such as fenitrothion, primiphos-methyl and chlorpyrifos-methyl [23].
4. CONCLUSION
The results obtained in these bioassays suggest that
there was no insecticide resistance to chlorpyriphos-methyl
in all tested species. For malathion, there was also no re-
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sistance except for Ankara strains of Tribolium castaneum,
and Ankara and Karaman strains of Sitophilus zeamais. For
pirimiphos-methyl, only the Ankara strain of Rhyzopertha
dominica had resistance.
In accordance with the results of this study, it is suggested that insecticide resistance to malathion, pirimiphosmethyl and chlorpyriphos-methyl was not a serious problem in tested populations except for the Ankara strain of
Sitophilus zeamais, T. castaneum and R. dominica.
Monitoring of resistance is important to adopt proper
control measures for pest management of stored product
pests.
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ABSTRACT
The effects of the imidazole derivative KK-42 on the
growth, development and ecdysteroid production were evaluated, in vivo with Tenebrio molitor pupae. The compound
was diluted in acetone and applied topically on newly molted
pupae. Results show that treatment delayed pupal development and caused a large decrease in successful adult formation. Only on days 1 and 3, the treatment had no significant effects on the pupal body weight. The ecdysteroid titers
were determined by using an enzyme-immunoassay. The
progression of hemolymphatic ecdysteroid concentration
during the pupal development presented a peak at day 3. KK42-treatment had an effect on both position and value of this
peak, and significantly reduced (p≤0.05) the value recorded
on day 5, compared to controls.

KEYWORDS:
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1. INTRODUCTION
During larval and pupal stages of insect development,
the prothoracic gland (PG) was the major endocrine organ
in which biosynthesis of the insect steroid hormone ecdysone (E) took place. The production of (E) in the PG requires the action of enzymes encoded by the Halloween
gene family [1-3]. Once made and released from the PG, E
is rapidly converted in the peripheral tissues to 20-hydroxyecdysone (20E), the active derivative of E [4]. In Tenebrio
molitor, pupae prothoracic glands are absent [5], and other
tissues, in particular the epidermis and ovaries, are involved
in ecdysteroid secretion [6, 7]. Both puberty and insect metamorphosis rely on steroid hormones that systemically coordinate gene expression changes changing both the physiology and morphology of the whole animal [1, 8-10].
* Corresponding author

Agrochemical research has resulted in the discovery of
novel insecticides that act on selective biochemical sites of
specific insect groups. Good examples are insect growth
regulators (IGRs), such as benzoylphenylurea, inhibiting
chitin formation in insects, or that of other chemicals, such
as juvenile hormone analogues (JHA) and ecdysteroid agonists, which affect the hormonal regulation of moulting
and the development processes [11-14]. KK-42 (1-benzyl5-[(E)-2,6-dimethyl-1,5-heptadienyl] imidazole) is an imidazole compound that is considered as an inhibitor of ecdysteroid biosynthesis. KK-42 reduces ecdysteroid produced by the ovaries and interferes with reproductive processes in adult females of the mealworm Tenebrio molitor
[15-17]. KK-42 reportedly disturbs development as shown
mainly in Lepidoptera, such as Bombyx mori [18], Ostrinia
nubialis [19] and locust Schistocerca gregaria [20], and
also inhibits hormonal synthesis [21]. To date, the effects
of KK-42 on metamorphosis have not been reported in detail. In this research, we used the mealworm, T. molitor,
which is of worldwide importance in stored food products
as a model target beetle. Experiments were undertaken to
evaluate the activity of KK-42 on growth and development
in the pupal stage, but also the effect on ecdysteroid production in pupae after in vivo treatments.
2. MATERIALS AND METHODS
2.1 Experimental animals

Tenebrio molitor pupae were removed from a stock
colony and reared on wheat flour at 27 °C and 80% relative
humidity in almost continuous darkness. Pupae were staged
according to their age in days from pupal ecdysis.
2.2 KK-42 treatment

KK-42 was kindly provided by Dr. E. Kuwano (Kyushu University, Japan). The compound was applied in vivo
by topical application to newly ecdysed pupae. The KK-42
was dissolved in acetone and applied with a Hamilton syringe on the ventral side of the abdomen of newly emerged
pupae (3 μl/insect). Three doses were tested (5, 10, or 20 μg/
insect). Controls were treated with solvent alone.
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2.3 In vivo effect of KK-42 on the growth parameters

3. RESULTS

The KK-42 was administered topically at 3 doses (5,
10, or 20 μg/insect) to newly ecdysed pupae of T. molitor.
- The weight of the pupae was evaluated regularly by
means of a balance (Sartorius handy ± 0.1 mg) at various ages (pupal-adult molt).
- The duration of the pupal period was also determined
for each treatment.
- To determine the effectiveness of treatment on the inhibition of adult ecdysis, daily observations were
made, which led to successful adult formation.
2.4 Enzyme-immunoassay

Ecdysteroid measurements were performed using the
enzymo-immunoassay (EIA) of Porcheron et al. (1989)
[22], modified by De Reggi et al. (1992) [23]. For ecdysteroid measurement, 3 µl of hemolymph were sampled per
pupa from the control and groups treated with 20 µg of KK42. Each sample was extracted with 300 µl methanol, sonicated and centrifuged at 10,000 g for 4 min. The supernatants were evaporated, and the extracts were suitably diluted with phosphate buffer (0.1 M, pH 7.4). Each individual sample was analyzed in duplicate using peroxydase as
the label and tetramethyl benzibine as a colour reagent. Ecdysteroid production (20-hydroxyecdysone) was expressed
as pg/µl hemolymph.
2.5 Statistical analysis

Results were presented as mean values ± standard deviation (SD). The significance between different series was
tested using Student’s t test at 5% level. All statistical analyses were performed using MINITAB software (version
13.31, PA State College, USA). The number of individuals
tested in each bioassay is given in the results. The significance levels were * p<0.05, ** p<0.01, and *** p<0.001.

3.1 Effect of KK-42 on pupae growth and development

The compound was dissolved in acetone (3 µl/female)
and applied topically at 3 doses (5, 10, or 20 µg/pupae) to
newly emerged pupae. In the control and treated series,
body weight did not change significantly (p>0.05) during
pupal development, except on day 6 with a dose of 10 µg
(p <0.03). At the 3 tested doses, the compound significantly increased (p < 0.05) as well as the duration of the
pupal development, compared to controls, and these effects
were dose-dependent. The duration of the pupal period for
the control was 7.07 ± 0.25 days, and after application of 5
or 10 µg KK-42, it was 7.80 ± 0.74 days (p = 0.0004) and
8.00 ± 0.51 days (p = 0.074), respectively. The pupal stage
with a dose of 20 µg KK-42 lasted 8.33 ± 0.59 days (p =
0.015) (Table 1).
TABLE 1 - Effects of KK-42 activity applied topically (5, 10 and
20 μg/3μl acetone) on newly ecdysed pupae on the duration (days) of
the pupal development of T. molitor.
Treatments

Duration of pupal stage
(days)
Control
7.07 ± 0.25 a
KK-42 (5 µg)
7.80 ± 0.74 b
KK-42 (10 µg)
8.00 ± 0.51 c
KK-42 (20 µg)
8.33 ± 0.59 c
Mean values followed by different letters are significantly different at
p<0.05 (means ± SD; n = 30).

In addition to delayed pupal development, the percentage of successful adult formation was significantly reduced
for pupae treated with doses of 10 and 20 µg of KK-42. Only
72.97 ±15.37 % of the pupae became adults with a dose of
10 µg, and 76.8 ±20.75 % with a dose of 20 µg, compared
to 100 ± 0 % of the control-treated pupae (Fig. 1).

Distribution (% ) of types m orphologic
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blocked molt
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80
60
40
20
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KK-42 10µg

KK-42 20µg

Traitements
FIGURE 1 - Activity of KK-42 applied topically (5, 10 and 20 μg/3μl acetone) on the percentages of successful adult formation of T. molitor.
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FIGURE 2 - Changes in the ecdysteroid titers during the pupal development of T. molitor in control and KK-42-treated pupae (treatment was
made by application of 20 µg on ecdysed pupae (mean values ± SD were calculated from 3 to 4 individual samples analyzed in duplicate by
EIA; results are expressed as pg 20-hydroxyecdysone equivalent per µl hemolymph; asterisques on values of treated series indicate a significant
difference with the controls of the same age by the Student's t-test at 5% level).

3.2 Effect of KK-42 on ecdysteroid production in the hemolymph

The hemolymphatic ecdysteroid titers were determined by EIA during pupal development in control as well
as the treated pupal groups. Data are presented in Fig. 2.
The progression of hemolymphatic ecdysteroid concentration during pupal development presented a peak on day 3
(Fig. 2). KK-42 (20 µg/3 µl) treatment was found to significantly reduce ecdysteroids compared to the control group.
A significant difference (p< 0.05) was observed on day 3
(p = 0.002), day 6 (p = 0.002) and day 7 (p = 0.001), compared to the control series. Comparison of ecdysteroid titers not only shows a significant decrease (p = 0.002) of the
peak production in the treated group but also a delayed
peak. Indeed, it takes 5 days to reach a maximum value of
2405.00 ± 275.77 pg/ml. Moreover, this hormone is spread
over the peak time between 4 and 6 days. The statistical
analysis shows that the concentrations of hemolymph ecdysteroids in the treated series are significantly lower compared to controls at ages of 3, 6, and 7 days.
4. DISCUSSION
Insect growth regulators (IGRs) have been reported to
possess a specific activity spectrum, with a novel insecticidal mechanism not based on neurotoxic action. They disrupt the physiology and development of target pest insects
and show no/low toxicity towards non-target organisms,
which makes them ideal in combination with biological
control, to circumvent insecticide resistance [13, 24]. KK42 is an imidazole compound considered as an inhibitor of
ecdysteroid biosynthesis. It has been found to reduce hor-

monal production in hormone biosynthesis sources from
female adult crickets [25]. Interestingly, Soltani et al.
(1997) [26] also reported a few years later that KK-42 disturbed the growth and development of oocytes. In parallel,
this IGR was found to reduce the amounts of ecdysteroids
released by ovaries into the culture medium.
The inhibitory action of KK-42 on ecdysteroid production was also observed in prothoracic glands and ovaries
under in vivo and in vitro conditions with the silkmoth
Bombyx mori [16]. In addition, to explain the mode of action of KK-42 in ecdysteroidogenesis, Shiotsuki and Kuwano (2004) [27] designed an affinity chromatography column system to detect proteins with high affinity from insect tissues. Although they detected a single receptor protein in the prothoracic glands, the exact underlying mechanism remains unknown. We believe that, with the availability of recently characterized and identified Halloween
genes encoding the ecdysteroid producing cytochrome
P450 enzymes and microarray technologies [28, 29], further research will provide opportunities to unravel the
mechanism of imidazoles in the hierarchy of the ecdysteroid biosynthesis. KK-42 is an imidazole insect growth regulator, and Yan-Qun Liu et al. (2012) [30] suggested the
KK-42-binding protein (KK-42BP) associated with diapause termination in pharate first instars of Antheraea yamamai (Guérin-Méneville) (Lepidoptera: Saturniidae). To
date, several authors have proposed hypotheses on the
mode of action of KK-42. It has been reported to act as an
anti-JH [31] by lowering ecdysteroid levels and/or to induce precocious metamorphosis or diapause termination.
The anti-JH activity is more likely an interference with JH
synthesis rather than a destruction of Corpora allata tis-
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sues [15]. Hirai et al. (2002) [32] reported that the precocious metamorphosis induction by KK-42 correlated with
an enhanced expression of BmJH esterase in the fat body,
which suggests that KK-42 enhances BmJHE gene expression in the fat body inducing hemolymph JH esterase activity.
This work evaluates the effects of topically applied
KK-42 on the growth and development of T. molitor, an
important pest in stored products worldwide. In addition,
we reported about the effects of KK-42 on hemolyphatic
ecdysteroid titers in T. molitor. Changes in body weight during pupal development following treatment with KK-42
showed a significant decrease on day 6, but only in the 10 µgtreated pupal group. When comparisons were made between all series for each time during pupal development,
only the 10 µg KK-42 treated group was found to have an
increased body-weight on day 6. This is not in agreement
with the results found in larva of Ostrinia nubilalis [19].
The impact on weight was also highlighted with other regulators of growth agonists of the ecdysteoids, including
RH-5849 and RH-5992. The latter was object of several
studies [33-38]; however, the application of these ecdysteroid agonists to the nymphs of Podius nigrispinus and
Podisus maculiventris had no effect on the weight [39].
Nasr et al. (2010) [40] tested the effect of two insect growth
regulators (IGRs), buprofezin and pyriproxyfen, in the development of the cotton leaf-worm Spodoptera littoralis and
found that larval weight was considerably decreased when
concentration increased. Pyriproxyfen showed high antifeedant activity in a concentration-dependent manner,
and larvae stopped to eat on the 3rd day with a high dose.
Conversely, buprofezin did not significantly show anti-feedant properties, except with high concentrations (3000 mg
(a.i.)/kg diet).
In this study, KK-42 applied topically on newly ecdysed pupae of T. molitor significantly increased the duration of pupal development compared to controls. The action of KK-42 depended on the applied dose. This is consistent with the results of Kadona-Okuda et al. (1987) [41]
and Kuwano et al. (1989) [42] in larvae of Bombyx mori
and that of Aribi (1997) [43] in larvae of Zophobas atratus.
The impact on the duration of development was also highlighted with other regulators of insect growth, such as the
methoxyfenozide, which is a lepidopteran-specific insecticide belonging to a new class of insect growth regulators,
the non-steroidal ecdysteroid agonists. The effects of methoxyfenozide (RH-2485) on growth of the Mediterranean
flour moth, Ephestia kuehniella Zeller (Lepidoptera: Pyralidae), was evaluated; it reduced pupal stage duration and
inhibited adult exuviation with an LD50 of 0.01 µg/pupa
and LD90 of 0.37 µg/pupa [44, 45].
There was a large decrease in successful T. molitor
adult formation after topical treatment of pupae with KK42. Our results agree with data of Nasr et al. (2010) [40]
who tested the effect of two insect growth regulators
(IGRs), buprofezin and pyriproxyfen, on successful adult

formation in S. littoralis. The high dose of both compounds
showed adverse effects on the pupae and emergence of adults.
Buprofezin, at the recommended dose (1500 mg (a.i.)/kg diet),
caused 93.33% pupation and 53.33% emergence of adults.
Pyriproxyfen caused 21.33% pupation and zero emergence of
adults at the recommended dose (75 mg (a.i.)/kg diet), compared to 100% pupation and 96.30% emergence of adults in
the control group. Previous studies using diflubenzuron and
hexaflumuron on the Mediterranean flour moth have shown
that these compounds affected the transformation of larvae
to pupae, larvae to adults and pupae to adults, reduced with
an increase in dosage. These parameters were recorded as
100% in the control, 70, 30 and 43.45% for diflubenzuron,
and 73.33, 30 and 41.07% for hexaflumuron. Percentage of
abnormal adults was 44.44%, with a dosage of 1,000 ppm
of diflubenzuron ,and 66.67% with a dosage of 316 ppm
of hexaflumuron [46]. Comparative studies of the effects of
tebufenozide (an ecdysone agonist) and lufenuron (an insect
growth regulator inhibiting chitin synthesis) were carried out
with Spodoptera littoralis [47]. The compounds, orally administered, caused larval mortality proportional to the concentrations in the food source. Tebufenozide initiated precocious molting while lufenuron inhibited chitin synthesis. In
both cases, larvae were unable to complete the molting process and died in the old larval cuticle. Larvae contaminated
by sub-lethal doses completed their development to adulthood. Lufenuron was more active than tebufenozide (LD50
for lufenuron 0.0001 ppm, for tebufenozide 0.001 ppm) [47].
The concentration of free insect hormones can be modified through interference with hormone biosynthesis, processing and degradation. Several factors, including hormones and peptides, may influence ecdysteroid biosynthesis [29]. The enzyme immunoassay measurements show
that KK-42 had an effect on both the position and the value
of the peak. The value recorded on day 5 was significantly
reduced (p≤0.05), compared to control species, such as B.
mori [18, 41, 48], O. nubilalis [19] and Z. atratus [43]. Decreased rates of ecdysteroid production were observed in
T. molitor, Spodoptera exigua and Leptinotarsa decemlineata [38], in Locusta migratoria as well as other insect species [36, 37], after application of RH-5849 and RH-599 as
regulators. Several studies have reported perturbation in
ecdysteroid secretion with other insect growth regulators
(IGRs). Methoxyfenozide was found to increase the
amount of free ecdysteroids in ovaries of adult females
from treated pupae of E. kuehniella, which confirms previous experiments made with other ecdysteroid agonists in
E. kuehniella [49], Tenebrio molitor [50, 51] and Gryllus
bimaculatus de Geer [25].
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ABSTRACT
In this study, biodiesel was produced from waste cooking oil by using sodium hydroxide and methyl alcohol with
transesterification method. Three different fuel blends (25,
50 and 75% by volume blending with diesel fuel) were prepared. The densities of fuels were measured at 0.5 °C intervals between 0-93 °C. The densities of each fuel sample
decreased linearly with increasing temperature and diesel concentration. Regression analyses were conducted in MATLAB
program and R2 (coefficients of determination), correlation
constants and root mean squared errors were determined.
The experimental results were used to train the artificial neural networks. In the present research, a 3-layer back propagation neural network with 15 neurons in the hidden layer
was applied. The best R2 values with mathematical expressions were 0.9996 and 0.9997, respectively. When using artificial neural networks, a R2 value of 0.9999 was obtained.
The comparison of artificial neural network model with different density prediction models showed that the use of artificial neural networks in density prediction is successful.
KEYWORDS:
Artificial neural networks, biodiesel, density, waste cooking oil

1. INTRODUCTION
The need for energy by various countries is constantly
increasing as a result of increased population, industrialization, and the increase of machinery-tools, due to usage
of new technologies. Energy resources are limited and they
are being rapidly consumed; therefore, energy needs are to
be used efficiently. In addition; the importance of energy
increases each day, as fossil fuels have a limited period of
usage and renewable energy resources are eco-friendly and
sustainable energy systems. One of these energy resources
is biodiesel, which can be used as an alternative to diesel
in internal combustion engines.
Biodiesel can be defined as a fuel composed of monoalkyl esters of long-chain fatty acids derived from renewable sources, such as vegetable oil, animal fat and waste
* Corresponding author

cooking oil, designated as B100; it also must meet the requirements of ASTM (American Society for Testing and
Materials) D 6751 standards [1, 2]. Biodiesel has recently
attracted huge attention in different countries all over the
world because of its availability, renewability, non-toxicity, better gas emissions, and its biodegradability [3].
There are different kinds of biodiesel production methods, such as dilution, thermal cracking (pyrolysis), transesterification, and microemulsification [4]. Transesterification is the most common process, in which an ester compound is exchanged by an alcohol in the alkyl group. The
alcohol used in the process is usually methanol or ethanol.
These reactions are normally catalyzed by the addition of an
acid or a base [5]. Theoretically, the stoichiometric transesterification reaction requires 3 mol of methanol (or ethanol) and 1 mol of triglyceride to give 3 moles of fatty acid
methyl (or ethyl) esters and 1 mol of glycerol. However, in
order to increase the yields of the alkyl esters and to allow
their phase separation from the glycerol to be formed, an
excess of alcohol is used to shift the equilibrium to the
product side [6].
A variety of bio-lipids can be used to produce biodiesel. These are (a) virgin vegetable oil feedstock; rapeseed and soybean oils are most commonly used, though
other crops, such as mustard, palm oil, sunflower, hemp
and even algae, show promising results; (b) waste cooking
oil; (c) animal fats including tallow, lard and yellow grease,
and (d) non-edible oils, such as Jatropha, neem oil, castor
oil, tall oil, etc. [7]. Table 1 depicts bio-diesel feed-stocks
for some countries around the world.
Because of high costs of edible vegetable oils, such as
canola, soybean, and corn, it seems that commercialization
of biodiesel production from edible vegetable oil is not
economically favourable, when using waste cooking oil as
the feedstock, which is much less expensive than edible
vegetable oil. It can also reduce the costs of biodiesel production [11, 12].
Waste cooking oil is any vegetable oil that has been
previously used for frying or cooking and which is deemed
unhealthy to reuse [13]. The disposal of waste cooking oil
is problematic, because disposal methods may contaminate
groundwater. Waste cooking oils are generated in large
quantities during food preparations e.g. in the fast food networks, large restaurants, dining rooms, and catering estab-
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lishments etc. [14]. Waste cooking oil has been used as an
ingredient in animal feed in some countries, although it was
banned in the EU because of animal health hazards (Animal By-product Regulations EC/1774/2002). Waste cooking oil is also used in soap manufacture and oleo chemical
industries [15, 16].
TABLE 1 - Current potential feedstocks for biodiesel worldwide [8-10].
Country
USA
Canada
Mexico
Germany
Italy
France
Spain
Greece
UK
Russia
Finland
Sweden
Ireland
India
Malaysia
Indonesia
Singapore
Philippines
Thailand
China
Brazil
Korea
Argentina
Japan
Australia
New Zealand

Feedstock
Soybeans/waste oil/peanut
Rapeseed/animal fat/soybeans/yellow grease and
tallow/ mustard/flax
Animal fat/waste oil
Rapeseed
Rapeseed/sunflower
Rapeseed/sunflower
Linseed oil/sunflower
Cottonseed
Rapeseed/waste cooking oil
Rapeseed/soybean/sunflower
Rapeseed/animal fat
Rapeseed
Frying oil/animal fats
Jatropha/Pongamia pinnata (karanja)/soybean/
rapeseed/sunflower/peanut
Palm oil
Palm oil/jatropha/coconut
Palm oil
Coconut/jatropha
Palm oil/jatropha/coconut
Jatropha/waste cooking oil/rapeseed
Soybeans/palm oil/castor/cotton oil
Waste oil
Soybeans
Waste cooking oil
Waste oil/animal fat
Waste cooking oil/tallow

be said that the higher the density, the greater the potential
energy, on volume basis. It is known that biodiesel has a
lower energy content than diesel fuel, but on volumetric
basis, the density of biodiesel is higher than that of diesel,
and energy difference becomes less than before [18].
Density is one of the most important fuel characteristics, which affects engine performance relation. Many engine performance characteristics such as number of cetane
and heating value, are directly related to the density [19].
Density values within the right values ensure correct fuel
atomization. For estimating the density of biodiesel, Kay’s
mixing rule is used [20-22]:
∑

.

(1)

where, ρ is the property of the blend, and ρ is the respective property of the ith component. Using volume fraction instead of molar fraction, Eq. 1 for a binary mixture
has the form of an arithmetic volume average:
.

.

(2)

where, ρ is the density of the biodiesel blend in kg/m3,
V is the volume percentage of the biodiesel blend, and a as
well as b are the adjustable parameters.
Temperature is directly related to the density values of
fuels [23]. Biodiesel density data as a function of temperature are needed to model the combustion processes and
other applications. The engine injection systems (the pump
and the injectors) are set to deliver a predetermined volume
of fuel, whereas, in the combustion chamber, the determining parameter is the air:fuel mass ratio [24].

In this study, waste cooking oil, as a low-cost feedstock, was used for biodiesel production. Waste cooking
oil biodiesel was blended with diesel fuel at a rate of 25, 50
and 75%. Densities of the fuels were measured at the range
from 0 to 93 °C, in steps of 0.5 °C. Density prediction was
conducted using artificial neural networks. Predicted results were compared with experimental density and estimated results.
2. DENSITY MODELS
Density can be defined as the mass of an object divided
by its volume. Density is one of the important parameters
for biodiesel. It is measured with an aerometer. When the
density is high, this indicates that the glycerol could not be
removed enough. The temperature at the measured density
was 15 °C (standard), and biodiesel’s density should be
860 to 900 kg/m3, according to EN 14214 at this temperature [17]. Test method was performed according to EN ISO
3675 and EN ISO 12185.
The density of the fuel itself is not an important parameter for the diesel engine, but it is generally related to the
fuel’s energy content. As fuel is sold volumetrically, it can

An empirical correlation was proposed from Tesfa et
al. (2010) [25] and Verduzco et al. (2011) [26] to determine the density of blends in an easy way; hence, the empirical model for density was given by:
.

.

(3)

where, T is the temperature (°C), V is the blending ratio, and A, B and C are the adjustable parameters.
A new empirical equation for determining of density
of fuel was given by Fahd et al. (2014) [27] and the equation is as follows:
. .

.

.

(4)

where, T is the temperature (°C), V is the blending ratio, and A, B, C and D are the adjustable parameters.
3. MATERIALS AND METHODS
3.1 Materials

In this study, waste cooking oil was obtained from a
commercial company in Yozgat, Turkey. All chemicals
used in the experiments, such as methanol (Merck) and sodium hydroxide (Merck), were of analytical reagent grade.
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The samples were converted to methyl esters by transesterification methods.

to that of the methyl ester. The layer of glycerol could then
easily separated from the methyl ester.

3.2 Biodiesel production

Washing of the biodiesels: The aim of washing-off was
to remove the alcohol which is not involved in the reaction;
the remaining fatty acids, Na+ and K+ ions, the catalyst and
glycerol could remain during separation. During the washing process, the temperatures of biodiesel and distilled water were 55 °C, and a total volume of 200 mL distilled water was used for washing.

Waste cooking oil was subjected to physical cleaning,
and waste particles that remained after frying were removed. The waste cooking oil was heated up to 100 °C, left
to stand at this temperature for 2 h, and the water accumulated in the oil due to the course of using was removed.
Transesterification was carried out using a laboratoryscale bio-diesel processor for the waste cooking oil in the
Biofuel Lab of the Department of Biosystems, at the Faculty of Engineering and Architecture in Bozok University.
The production process is given step by step below:
Preparing the methoxide: Sodium hydroxide (NaOH)
was used as a catalyst in transesterification process. Methanol was preferred to produce biodiesel due to its low costs
and physical and chemical advantages. At 25 °C, 20% of
methyl alcohol and 3.5 g of sodium hydroxide catalyst were
mixed, and each L was resolved with a magnetic stirrer.
Reaction: The prepared solution of alcohol and catalyst was poured into 1 L waste cooking oil at 55 °C; by
using a hot plate and a magnetic stirrer, this mixture was
put into a separation funnel after being heated at 55 °C with
stirring for 60 min.
Separation: The mixture was transformed to glycerol
and methyl ester when the reaction was finished. Glycerol
sank to the bottom because of its higher density compared

Dewatering process of biodiesels: After the washing
process, it rested for 12 h to subside the water, which was
collected with the help of a separating funnel. The washed biodiesel was taken again to the magnetic mixer equipped with
a heater and heated up to 120 ºC until the water was beyond
the biodiesel, which was then dried at 120 ºC for 2 h.
Figure 1 shows the flow diagram of the biodiesel production process from waste cooking oil.
3.3 Preparing the fuel blends

When mixing diesel and waste cooking oil biodiesel,
75, 50 and 25% of diesel were combined with 25, 50 and
75% biodiesel. Then, the blends were homogenized with a
laboratory-type VELP Scientifica brand DLS F20100155
model mixer at 1500 rpm and with an IKA ULTRA-TURRAX brand T 25 digital model homogenizer at 24000 rpm,
for 7.5 min each and a total of 15 min [28]. Following this
procedure, fuel blends were obtained, and their properties
are given in Table 2.

FIGURE 1 - Flow diagram of biodiesel production process.

TABLE 2 - Fuel properties of diesel, B25, B50, B75 and B100.
Property
Fuel standard
Calorific value (MJ/kg)
Kinematic viscosity at 40 oC (mm2/s)
Density at 15oC (kg/m3)
Specific gravity (t/4) at 15 oC
Specific gravity (t/t) at 15 oC
Water content (mg/kg)
Flash point (oC)
Copper strip corrosion 3h at 50 oC
pH

B100
EN 14214
40.064
4.853
886.30
0.88633
0.88710
495.62
172
1a
5.0
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B75
EN 590
41.146
4.367
874.09
0.87412
0.87488
358.99
85
1a
5.3

B50
EN 590
42.231
3.817
858.87
0.85890
0.85964
260.53
75
1a
5.5

B25
EN 590
43.976
3.215
843.96
0.84399
0.84472
132.52
64
1a
5.8

Diesel
EN 590
44.460
2.729
830.09
0.83011
0.83084
20.214
59
1a
6.0
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3.4 Density measurement

3.5 Artificial neural networks (ANNs)

To determine the densities of B100, B75, B50, B25
and diesel fuels at 0-93 °C, a Kem Kyoto brand DA-645
model metering device with ±0.00005 g/cm3 measurement
sensitivity and 0.00000-3.00000 g/cm3 measuring intervals
was used (Fig. 2). The device can perform density calculations at the measuring temperature, specific gravity (t/4)
calculation for water density at 4 °C, and specific gravity
(t/t) calculation for water density at measuring temperature, in accordance with ASTM D 1250 and ISO 12185
standards. Before each measurement, the device has been
set to the measuring temperature, and then it was heated. In
order to eliminate the residues inside, the device tube was
cleaned with ethanol or acetone. A clean, dry air-flow has
been applied automatically to eliminate the residues of the
dissolver. In order to wet the inner walls of the device, before the measurements, 2 mL of the samples were passed
through the density cell. The measurements cell was refilled with a fuel sample before each measurement. Then,
the cell was set up at measuring temperature and filled with
2 mL fuel. After the measurement, it was automatically and
slowly heated to measurement temperatures (0-93 °C, steps
of 0.5 °C), and then, the measurement was repeated.

ANN is a system easily modeled on the human brain.
ANNs are popular, and there are many industrial situations
where they can be usefully applied. They are suitable for
modeling various manufacturing functions, due to their ability to learn complex non-linear and multivariable relationships between process parameters [29]. Nerve cells used in
ANNs include neurons, and these neurons form a network
by connecting to each other in various styles. ANNs have the
capability of learning, memorizing and revealing the relationship among data [30]. In this study, densities of waste
cooking oil biodiesel and its blends with diesel fuel are predicted by using ANN. In this application, Neural Network
Fitting Tool of MATLAB software was used. For fuels, 655
of 935 were used to train the ANN, and 140 data were used
for testing and validating purposes (Table 3).
TABLE 3 - Number of data used in ANN.
Training (70 %)
655

Validation (15 %)
140

Testing (15 %)
140

Total
935

A feed forward back propagation neural network in 3
layers was applied for ANN. The input, output and hidden
layers had 2, 1 and 15 neurons, respectively, as shown in
Fig. 3.
The deciding of the number of neurons in a hidden
layer is a very important part of deciding overall neural network architecture. Using too many neurons in the hidden
layers will result in the so-called under-fitting [31]. For determining the hidden layer neurons, a trial and error test
was used. To show the optimized number of hidden layer
neurons, 1, 3, 5, 7, 9, 11, 13, 15 and 20 neurons were chosen. Then, the training process was realized and average
absolute percent deviation (AAPD) was determined as follows [20, 31, 32]:

FIGURE 2 - Illustration of Kem Kyoto brand DA-645 model density/specific gravity meter.

%
∑

FIGURE 3 - The ANN structure.
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FIGURE 4 - AAPD (%) parameter of training results versus number of neurons in the hidden layer.

The number of neurons at the hidden layer has been chosen as 15 (Fig. 4). The increase in the number of neurons
does not affect AAPD value after a certain point, and it even
causes an increase in the number of errors and training time.
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FIGURE 5 - The variations of density of waste cooking oil biodiesel
and blends with diesel fuel at different temperatures.
B25
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B75

0,20
0,15
0,10
0,05

Error (%)

In most parts of the world, a system known as the ‘‘B’’
factor was used to state the amount of biodiesel in any fuel
mix. For instance, fuels containing 75, 50 and 25% biodiesels are labeled as B75, B50 and B25, respectively. Pure
biodiesel is referred to as B100. B100 can be used in diesel
engines but may require certain modifications to avoid
maintenance and performance problems. The variations in
density of diesel, waste cooking oil biodiesel and blends
with diesel fuel at the range of 0-93 °C in steps of 0.5 °C are
given in Fig. 5. The density values of all the fuels are at their
maximum at 0 °C, and by increasing temperature, diesel
concentration also increased but density values decreased.
The experimental density values of the fuels were correlated with different equation in the literature. A possible
method for predicting the density of the biodiesel blends
should be known as Kay’s mixing rule. The errors of the fuel
blends calculated from Kay’s mixing rule was given Figure
6, B50 has good calculated results compare to other fuel
blends.
The other equations of Tesfa et al. (2010) [25] and
Verduzco et al. (2011) [26] (Eq. 3) as well as Fahd et al.
(2014) [27] (Eq. 4) were used for the present work. Table
4 shows the adjustable parameters, R2 and root mean
square error (RMSE) for each equation. It is clear from the
correlation coefficients and regression square values that
Eq. 4 fits the density values excellently, and high degree
equations need not to be applied.
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-0,10
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-0,20
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B75
FIGURE 6 - Error of calculated density values with Kay’s mixing
rule.
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TABLE 4 - The correlation coefficients of Eqs. 3 and 4 for each fuel.
Equations

A

B

C

D

R2

RMSE

Eq. 3

0.5710

0.7313

841.20

-

0.9996

0.5330

Eq. 4

-0.0001465

-0.7239

0.5778

840.90

0.9997

0.5146

B0
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B50

B75

B100

0,15

0,10

Error (%)
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FIGURE 7 - Error of calculated density values with Eq. 3.
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FIGURE 8 - Error of calculated density values with Eq. 4.
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FIGURE 9 - Error of calculated density values with ANN.

The errors of the fuel blends calculated from Eqs. 3
and 4 are identical and given in Figs. 7 and 8. The results
calculated for B75 are not good, compared to the other fuel
blends. R2 and RMSE values from Eq. 4 were 0.9997 and
0.5146, respectively. The minimum error value was obtained with an ANN that had 15 neurons in its hidden layer,

and that was trained with a 3-layer back propagation algorithm. The errors of the fuel blends calculated from ANN
are given in Fig. 9. ANN showed good R2 and RMSE values (0.9999 and 0.0211), compared with the other equations.
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B0 (Eq. 4)
B0 (ANN)
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FIGURE 10 - Experimental and predicted density values of fuels (range of 0-93 oC).
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FIGURE 11 - Experimental and predicted density values of fuels at 15 oC.

Experimental and predicted results are given in Fig. 10.
All predicted values were very close to the experimental results. The experimental and predicted values at 15 °C are
shown in Fig. 11. ANN results were closest to the experimental result values.
5. CONCLUSIONS

with the increase in temperature for a particular fuel. In addition, at a particular temperature, density increased with
the blend ratio. R2 values of 0.9996 and 0.9997 were obtained, with Eqs. 3 and 4. By using artificial neural networks, R2 value was obtained as 0.9999. The comparison
of artificial neural network model with Kay’s mixing rule,
Eqs. 3 and 4 showed that the use of artificial neural networks in density prediction is successful.

The increasing need for energy in the world, and the
harm caused to the environment while meeting this energy
demand, has reached very serious levels in recent years. It
is necessary to find alternative energy resources to meet
these demands, and the exhaust gas emissions need to be
minimized. Alternative energy resources include biodiesel,
which can be produced from vegetable oils, animal oils and
algae; they can be used directly in diesel vehicles, without
needing any modification. The best solution is to produce
biodiesel from waste cooking oil, which is harmful for human health and the environment. In this study, biodiesel
has been produced from waste cooking oil, by using sodium hydroxide (NaOH) and methyl alcohol with transesterification method. Waste cooking oil biodiesel has
been mixed with diesel fuel at different rates, and the fuel
characteristics have been examined. When looking at the
fuel characteristics, we can conclude that biodiesel conforms to EN 14214 and mixture fuels conform to EN 590
fuel standards. In addition, the density of these fuels has been
measured at 0-93 °C, with intervals of 0.5 °C, and these values have been estimated both by empirical formulas and by
artificial neural networks. Fuel density decreased linearly
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ABSTRACT
Non-thermal plasma technique (NTP) has a good efficiency in degradation of chlorinated volatile organic compounds. One of the reactors applied in NTP technology is
dielectric barrier discharge (DBD). In this reactor, due to
the dielectric barrier, the distance between the electrodes is
low and led to increasing space velocity of the pollutant in
the discharge zone. In this study, a dielectric barrier discharge (DBD) reactor with expanded graphite as the discharge electrode was used for gaseous chlorobenzene degradation.
It was found that discharge occurred in the larger gap,
and degradation efficiency was promoted by increasing
voltage, initial concentration, and decreasing flow-rate.
The selectivity of CO2 was improved by increasing the applied voltage but decreasing the initial flow-rate and vapour concentration. Furthermore, it was observed that the
amount of the produced ozone was nearly constant and not
affected by parameters such as applied voltage, flow-rate,
and the concentration of pollutants.
Increasing chlorobenzene degradation is due to the decrease in space velocity of the pollutant in the discharge
gap region. Moreover, flow-rate increased when being affected lightly by the degradation owing to adsorption property of the expanded graphite as well as an increase in the
discharge gap region. The rate of ozone production as a byproduct was approximately constant and did not change by
increasing voltage, which is because of ozone degradation
by increasing voltage through additional high-energy electrons and the catalytic role of the graphite.
KEYWORDS: non-thermal plasma, DBD reactor, expanded graphite, chlorobenzene

1. INTRODUCTION
Volatile organic compounds (VOCs) are regarded as
main pollutants produced by humans in industrial and urban areas; these compounds are extensively used and con* Corresponding author

sumed in domestic and industrial activities [1]. Chlorobenzene is an aromatic volatile organic compound which is
used mainly as a lubricant and intermediate in the synthesis
of other chemical organic compounds. Occupational studies have shown that acute and chronic exposure to chlorobenzene can cause different symptoms like headache and
stimulation of mucus and eyes [2].
Common methods for purification of VOCs are burning, condensation, absorption and adsorption [3], which are
unsuitable for low concentrations and very expensive [4,
5]. Among new methods, the non-thermal plasma (NTP)
technique has a good efficiency in VOCs degradation [6].
NTP is the source of free radicals in the gas phase and other
active species, which are effective in pollutant decomposition; these active species exist in the non-thermal plasma
(OH radicals, ozone molecules and oxygen atoms), and can
react with odorous and toxic gases converting them to nonodorous and non-toxic materials. The plasma can be created between two separate electrodes with high voltage
(10-30 kV) [7].
The technology of NTP has some unique benefits as
follows: high efficiency, capability of being applied for
various materials (even at very low concentrations of pollutants) and high flow-rates. However, this technology has
few disadvantages, such as high energy consumption, incomplete degradation of pollutants, ozone creation, and
hard process control [8].
Plasma reactors have been presented in different designs and models, one of which is the dielectric barrier discharge (DBD). In this reactor, the dielectric barrier causes
the creation of some micro-discharges which are distributed in all spaces [9].
Moreover, because of the placement of the dielectric
barrier between the electrodes of discharge and earth, sparkling is created later; therefore, the voltage can be raised
leading to an increase in the electric field, and then, plasma
intensity; in the case of this kind of reactor, the amount of
energy losses is the least [10, 11].
In the DBD reactor, the distance between the electrodes
for electric discharge is low and led to increasing space velocity of the pollutant in the discharge zone. This increase in
the velocity results in a decrease in the probability of colli-
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sion of the produced active species with pollutant molecules
which, consequently, decreases the efficiency of pollutant
degradation. The objective of this study was to deal with the
design and construction of a new DBD reactor aiming to increase the discharge gap; for this purpose, expanded graphite
was used as the discharge electrode. In addition, the efficiency
of the used reactor, the effects of the initial concentration and
flow-rate on chlorobenzene removal were studied.
2. MATERIALS AND Methods
2.1 DBD reactor

The non-thermal plasma reactor employed in this
study is shown in Fig. 1. The reactor was made of quartz,
with the thickness of a 2-mm shaped rectangular cube
(10x20x150 mm). A copper plate (50x10 mm) was on the
outer surface of the reactor, applied to play the role of the
earth electrode. In this reactor, the expanded graphite was
used as the discharge electrode which was poured uniformly in the bottom of the reactor with dimensions of
10x50x5 mm, and it was connected to the AC high voltage
power supply by a high pressure wire. By using the thermal
shock method (between 1000 and 1050 ºC for 30 sec), the
expandable graphite (Beijing invention biology engineering & new materials, China) was expended and 0.3 g of
which was poured at the bottom of the reactor.
2.2 Experimental system set-up

Figure 2 shows a general schematic diagram of the experimental setup. The required air was prepared by a compressor and probable contamination was cleaned by an adsorbent (activated carbon) and a filter; a flow-meter was

used to adjust flow-rates of 0.3, 0.6 and 1.2 L/min corresponding to 2, 1 and 0.5 sec of resident times, respectively.
Chlorobenzene at three different ranges was injected to the
air-stream by a syringe pump (SP-510, JMS) to generate
concentrations of 85, 250 and 500 ppm. In order to provide
enough mix and to prevent vapour condensation, the air
was disturbed by an electromagnet in a container (2 L), and
at this stage, the temperature got up to 40 ºC. The DBD
reactor was connected to an AC high voltage power supply
(1-30 kV, frequency: 52-30000 Hz); the electrical parameters of the experiments were monitored by an oscilloscope
(Oscilloscope Hameg, HM-203-7, 20 MHz, Dual Trace,
United Kingdom) that was connected to the DBD reactor
through a high voltage probe (1000 to 1). The applied voltages were 15 and 20 kV.
2.3 Gaseous measurement

A gas chromatograph (GC-2010, Shimadzu, Japan)
equipped with a hydrogen flame ionization detector (FID)
and a 25 m long SGE capillary column (fused silica, film
thickness 0.25 µm, I.D 0.22 mm) was used to analyze the
concentration of chlorobenzene at the inlet and outlet of the
DBD reactor. A gas chromatograph/mass spectrometer
combination (Varian, CP-3800, United States) was used to
detect trace by-products.
Gas tight syringes were used to sample the sampling
ports embedded before and after the reactor. Next, the obtained samples were injected to the GC and GC-MS devices. The ozone concentration was measured with an
ozone monitor (EST 1015, United States). The CO and
CO2 amounts produced in the reactor were monitored by a
CO analyzer (SGA91, United States) and a CO2 detector
(Kimo-AQ100, United Kingdom), respectively. The con-

FIGURE 1 - A schematic overview of the DBD reactor.
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FIGURE 2 - A schematic diagram of the experimental setup.

centration of NOx was detected by a NOx analyzer (G 750
POLYTECTOR II). The selectivity of CO2 and CO for
chlorobenzene, respectively, has been defined by Eqs. (1)
and (2).
Sco2(%) =
Sco(%) =

(1)
(2)

Where, Cin and Cout are the inlet and out let concentrations, respectively.
3. Results and Discussion
3.1 New DBD reactor

In this study, the expanded graphite, which was powdery and lint-like, was used as the discharge electrode. The
expanded graphite was a kind of modified graphite with
low density; this graphite has the following advantages:
good area and high temperature resistance as well as electrical conductivity. By putting the graphite into a certain
solution and giving thermal shock, materials among the
layers evaporate resulting in an increase in distance between the layers and expansion of the graphite. The distance between carbon layers ranged from 0.335-0.8 nm.
This process causes the structure of the graphite to change
so that the expanded graphite in its 3 dimensions has pores
to degrade the molecular layer which increases the adsorption power of the graphite dramatically [12]. By connecting
the reactor to a high voltage source, in the range of 4 kV,
some fibers of the graphite changed from dormant state to
right state at the vertical line of the reactor, and by increasing voltage around these fibers, which were stranded in
pursuit of each other in some points of the reactor, a violet

halo was created. In addition to this halo around the fibers,
which were static in the vertical line of the reactor, an uniform violet halo was created above of the reactor (area of
the earth electrode) (Fig. 3).
The distance between the electrodes of discharge and
earth was 15 mm, being larger in comparison with previous
studies [13-16], decreasing space velocity and increasing
residence time which, consequently, raises the probability
of collision between the created active species and pollutant molecules. In addition, owing to the adsorption property of the expanded graphite, the pollutant was adsorbed
to the graphite, and the residence time of the pollutant in
the electrical discharge region was increased dramatically.
In order to compare the designed reactor with common
reactors mentioned in the studies, instead of expanded
graphite, a copper plate with a thickness of 2 mm, a length
of 100 mm and a width of 10 mm was used as the discharge
electrode. These electrodes were placed at the distances of
15, 10, and 5 mm from the earth electrode and the device
voltage was risen to the maximum level (30 kV); nonetheless, we were not able to create a visible plasma in any of
the states. Despite this advantage, it was essential to investigate the possible disadvantages, such as reduction of the
electric field and the oxidation of graphite.
3.2 Influence of initial flow-rate and chlorobenzene concentration on DBD reactor performance

Figure 4 shows the efficiency of chlorobenzene degradation as a function of the applied voltage, flow-rate, and
input concentration. The findings illustrated that by increasing voltage from 15 to 20 kV, the efficiency went up;
similar results were found by other studies [8, 17-20].The
effect of inlet concentration on the efficiency was investigated at concentrations of 85, 250 and 500 ppm (flow-rates:
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FIGURE 3 - Electrical discharge in the DBD reactor.

FIGURE 4 - Cholorobenzene degradation as a function of the applied voltage, flow-rate and input concentration.

0.3, 0.6 and 1.2 L/min). From Figure 4 it can be seen that,
when the concentration increased, the efficiency increased
too. At a flow-rate of 0.3 L/min, voltage of 20 kV and a
concentration of 85 ppm, the efficiency was 60%, and it
was increased by 3 and 7%, respectively, for concentrations of 250 and 500 ppm. Karuppiah [14] reported that nitrobenzene degradation declined significantly when the inlet concentration increased from 150 to 800 ppm. In the
current study, the electrical discharge gap was very larger
than that of previous studies [13-16], but its length was
lower. Thus, at lower concentrations, because of the fact
that there is a high distance among pollutant molecules in
the discharge region, the collision probability of high-energy electrons with pollutant molecules was lower,

whereas by raising the concentration, it was promoted due
to increase of the pollutant molecules, which results in an
efficiency increase.
As can be seen from Figure 4, removal efficiency decreased by increasing the flow-rate. For a concentration of
500 ppm, the residence time of 2 sec (flow-rate of 0.3 L/ min)
and voltage of 20 kV, the efficiency was 67% which declined
by 2 and 5% at residence times of 0.5 (flow-rate of 1.2 L/min)
and 1 sec (flow-rate of 0.6 L/min), respectively. This decrease in comparison with the results of a similar study [14],
was very low. The reasons for this are a larger electrical discharge gap, and a lower space velocity of the pollutant in this
study; a low velocity of the air-stream cre-ates enough op-
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portunity for the reaction between the produced active species and chlorobenzene molecules. Besides, the expanded
graphite, which has adsorption property, can act as catalyst
in the presence of ozone and, in addition to plasma reactions,
catalytic ozonation reactions can remove pollutants.
The reaction rate of ozone with most VOCs in indoor
environments is low owing to the very low residence time
between ozone and pollutant. However, ozone has a high
oxidation power, and zeolite or many porous materials may
act as catalysts in the presence of ozone because of ion exchange and other chemical properties [18]. Studies have
shown that the combination of ozone with zeolite can be
used to reach a better elimination of VOCs [21, 22]. The
combination of ozone with activated carbon can increase
the removal efficiency of VOCs; this increase is attributed
to ozone degradation on activated carbon and, consequently, hydroxyl radical creation [23]. Studies have illustrated that by raising flow-rate and voltage, the concentrations of effluent ozone were increased [6]. Nonetheless, in
this study, the amount of effluent ozone ranged between
40-42 ppm in all states. In view of lack of effluent ozone
increase, it can be interpreted that the expanded graphite,
which acts as a catalyst and causes the conversion of ozone
to atomic oxygen and hydroxyl radicals resulting in increased pollutant removal efficiency.

at a residence time of 0.5 sec. Also, by increasing the concentration from 85 to 500 ppm (residence time: 2 sec), the
selectivity decreased by 8%.
With regards to CO, the amount increased when there
was an increase in flow-rate, but at each applied flow-rate,
the concentration of the created CO declined by increasing
concentration. For a concentration of 85 ppm (20 kV, residence time of 2 sec), the selectivity of CO was 17%, which
was increased marginally to 21% for a residence time of
0.5 sec. When the concentration increased from 85 to 500 ppm
(residence time: 2 sec), the selectivity of CO decreased by just
4%. Sun et al. [6] (2011) reported that selectivity of CO2 and
CO in the removal of toluene was 25 and 32% at the applied
voltage of 16.5 kV, and 35% for both of them at the applied
voltage of 21.5 kV (concentration 900 mg/m3; gas flowrate of 1 L/min). In the current study, the selectivity of CO2
and CO was 32 and 20% for the applied voltage of 15 kV
(flow-rate of 1.2 L/min and concentration of 85 ppm). For the
applied voltage of 20 kV, both were 39 and 21%. The concentration of the produced CO to CO2, in comparison with
figures of the Sun's study, was relatively little, which was
attributed to the oxidation of CO to CO2 on the expanded
graphite surface, in the presence of molecules and oxygen
radicals. Conversion of carbon monoxide to carbon dioxide
is more appropriate in terms of health and environmental
conditions.

3.3 Selectivity of CO and CO2

Figure 5 shows the selectivity of CO2 and CO as a
function of the applied voltage, input concentration, and
flow-rate. As can be clearly seen, the selectivity of CO2 and
CO increased by raising the applied voltage, but the pattern
was reversed for input concentration and flow-rate. At a concentration of 85 ppm, 20 kV, and a residence time of 2 sec,
the selectivity of CO2 was 48%, which decreased to 39%

3.4 By-products

One of the disadvantages of NTP is the creation of byproducts like O3 and NOX [19]. The amount of the produced
ozone was nearly constant in this study (40-42 ppm), and
was not affected by parameters such as applied voltage,
flow-rate, and the concentration of pollutants. Molecular
oxygen is broken down to oxygen radicals as a result of

FIGURE 5 - CO and CO2 selectivity.
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FIGURE 6 - Produced NO and NO2

collision of accelerated electrons with molecular oxygen.
This atomic oxygen is a powerful oxidant but its stability
is limited. In view of rapid recombination processes,
atomic oxygen reacts with molecular oxygen and produces
ozone according to Eqs. (3) and (4).
°

→
°

→

°

(3)
(4)

Fraction M is required for absorbing the additional energy of reaction, and in air, M can be either molecular oxygen or nitrogen. At voltages higher than 15 kV because of
creation of more high energy electrons, the produced ozone
is broken down on account of collision with these electrons, and creates atomic and molecular oxygen as can be
seen in Eqs. (5) and (6) [8].
°

(5)

→2

(6)

→
°

In view of our applied voltages, it can be concluded
that lack of dependency of ozone production to voltage increase may be due to the degradation of the created ozone
by additional high-energy electrons. Furthermore, lack of
change of this parameter can be attributed to the catalytic
property of the expanded graphite which may adsorb the
produced ozone, and its degradation to atomic oxygen and
hydroxyl radicals that led to more oxidation of pollutants.
The results of studies that investigated the effect of nonthermal plasma combined with catalyst shows that the created ozone in this combined system towards the single
plasma was very lower, and it was often constant by increasing the voltage and flow-rate having marginal changes

[6, 13, 24-27]. Futamura [28] reported that ozone elimination via catalyst takes place as shown in Eqs. (7-9).
∗
°

°

→
→

°

(7)
°

(8)

∗

→
(9)
Herein, * shows the active site of the catalyst. The created atomic oxygen is a strong oxidant playing an important role in pollutant degradation [28].
In the case of non-thermal plasma, in the presence of
O2 and N2, NO production is inevitable and can easily be
oxidized to NO2 by proxy radicals or ozone [20]. Creation
of NO and its conversion to NO2 are shown in Eqs. (10-14)
[29].
e

N →

°

°

O → NO

°

O → NO

°

°

e
°

O

(10)
(11)
(12)

NO → NO O
(13)
NO O → NO
O
(14)
As can be seen from Figure 6, the concentrations of
NO and NO2 increased by increasing voltage and flow-rate;
this can be due to increase of the free N2, O2, and O3 molecules leading to more collision, and increasing generation of
NO and NO2. The highest concentrations of NO (58.6 ppm)
and NO2 (41.3 ppm) belong to a flow-rate of 1.2 L/min
and an applied voltage of 20 kV whereas the flow-rate of
0.3 L/min and an applied voltage of 15 kV had the lowest
concentration of the produced NO (38.6 ppm) and NO2
(12.6 ppm).
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The generation of chlorinated by-products during the
decomposition of chlorinated volatile organic compounds
in the plasma reactor was inevitable, due to the formation
of chlorine radicals. Based on this, some researchers have
considered this issue as the main cause in removing chlorinated volatile organic compounds by the plasma, because
the decomposition of these compounds from an oxygenrich environment, such as air, leads to the formation of
products like phosgene that are more toxic and dangerous.
The dominant chlorinated by-products mentioned for the decomposition of chlorinated volatile organic compounds by
the plasma are as follows: hydrochloric acid, carbon tetrachloride, chlorine, 2-chloroacetyl chloride, 3-chloroacetaldehyde and phosgene [30, 31]. In the current study, in any
case of all experiments, a sample was injected to GC-MS for
by-product detection; the results show that the output gas
contained chlorine, carbon dioxide, phosgene, chlorobenzene and trichlorobenzaldehyde. In view of the high HCl
creation probability and lack of its detection by GC-MS
analysis, the output gas was analyzed by a HCl detector
tube, which showed that this compound was created by
chlorobenzene degradation.
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EVALUATION OF ANTIFUNGAL ACTIVITY OF SULFURCONTAINING SALTS AGAINST PHYTOPATHOGENIC FUNGI
Umit Arslan
Uludag University, Faculty of Agriculture, Department of Plant Protection, Gorukle Campus, 16059 Bursa, Turkey

1. INTRODUCTION

ABSTRACT
The efficacies of sulfur-containing salts (ammonium
sulfate, magnesium sulfate, potassium metabisulfite, potassium sulfate, sodium metabisulfite and sodium sulfate) were
evaluated as possible alternatives to synthetic fungicides for
the control of economically important phytopathogenic
fungi, including Fusarium culmorum, F. nivale, F. solani,
Macrophomina phaseolina, Rhizoctonia solani, Sclerotinia sclerotiorum, Puccinia triticina and Uromyces appendiculatus. The results, including the concentration of salts
that caused a 50% reduction (ED50), the minimum inhibition
concentration (MIC), and the minimum fungicidal concentration (MFC) values for mycelial growth, spore germination
and germ-tube elongation, indicated that sodium metabisulfite, potassium metabisulfite and ammonium sulfate were
more toxic to the tested fungi than the other salts. Therefore, sodium metabisulfite and potassium metabisulfite
were selected for further testing in soil. Both sodium metabisulfite and potassium metabisulfite completely inhibited
the mycelial growth of S. sclerotiorum at 0.2% in soil tests.
However, they were able to stop mycelial growth of F. culmorum, F. nivale, F. solani, M. phaseolina and R. solani at
only 0.4%. In pot experiments conducted under controlled
conditions, foliar sprays of salts at all the concentrations
tested except 0.05% were effective on the control of rust
fungi (P. triticina and U. appendiculatus). In these experiments, control efficacy of all tested salts ranged from 0 to
90.3% and 0 to 94.9% against P. triticina and U. appendiculatus, respectively. Sodium sulfate at 1.5% and Mancozeb
treatments equally and effectively reduced the pustules
caused by P. triticina and U. appendiculatus. The results
of this study showed that the sulfur-containing salts tested
could be used for control of phytopathogenic fungi.
KEYWORDS: Phytopathogenic fungi, antifungal activity, sulfurcontaining salts, alternative control, organic farming

Plant diseases caused by fungi have a great impact on
crop losses worldwide. For many years, a variety of different synthetic chemicals have been extensively used as antifungal agents to inhibit the growth of plant pathogenic
fungi [1, 2].
The widespread use of fungicides has significant drawbacks including increased costs, concerns regarding fungicide residues on food, and the potential threat to human
health and the environment [3]. Development of resistance
within the plant pathogen populations is also becoming a
significant problem due to the application of these synthetic fungicides [4]. In order to overcome the resistance
problem, higher concentrations of fungicides are used.
However, overdosing may increase the risk of toxic residues in food products. In recent years, public demand for
reduced pesticide use, which has been stimulated by greater
awareness of environmental and health issues as well as the
development of fungicide resistant pathogen strains, has
created the need to find alternatives [5, 6].
The use of efficient natural compounds such as organic
and inorganic salts is one of the best alternatives. Salts have
been used widely in the food industry as preservatives, pH
regulators, and antimicrobial agents and are known to have
low mammalian toxicity [7].
Moreover, salts are less sensitive to environmental
conditions than other alternative control measures such as
biological control agents, which may render them particularly useful in the efficient and consistent control of plant
pathogens [8]. Organic and inorganic salts are considered
“chemical means,” belonging to the category of food additives or substances classified as GRAS (Generally Recognized as Safe) by the United States Environmental Protection Agency (USEPA) under the Food Quality Protection
Act (FQPA) [9].
Many studies suggest that these salts may represent a
possible alternative to synthetic fungicides [10-15]. Recent
literature also claims that sodium metabisulfite is among the
most efficient salts for controlling plant pathogens [16-24].
The objective of this study was to evaluate the effectiveness of sulfur-containing salts for the control of phytopathogenic fungi in order to develop a successful strategy
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using environmentally friendly substances compatible with
the organic production system.
2. MATERIALS AND METHODS
2.1 Salts tested

All sulfur-containing salts (ammonium sulfate, magnesium sulfate, potassium metabisulfite, potassium sulfate,
sodium metabisulfite and sodium sulfate) used in this study
were purchased from Merck (Darmstadt, Germany).
2.2 Fungi

The phytopathogenic fungi used in this study were
Fusarium culmorum (W.G. Smith) Sacc., F. nivale (Fr.)
Ces., F. solani (Mart.) Sacc., Macrophomina phaseolina
(Tassi) Goid., Rhizoctonia solani Kuhn, Sclerotinia sclerotiorum (Lib.) de Bary, Puccinia triticina Eriks., and Uromyces appendiculatus (Pers.:Pers.) Unger. The cultures
were obtained from the fungal collection of Uludag University, Faculty of Agriculture, Department of Plant Protection.
Except for P. triticina and U. appendiculatus, which are
unable to grow on artificial media, the fungi were routinely
maintained on potato dextrose agar (PDA, Difco, Le Pont
de Claix, France) slants and stored at 5°C.
P. triticina and U. appendiculatus were maintained
on wheat (Triticum aestivum L. cv. Gonen-98) and bean
(Phaseolus vulgaris L. cv. Gina) as host plants, respectively.
Leaves infected with U. appendiculatus and P. triticina
were collected in bean and wheat plots at the experimental
station of Uludag University in Bursa, Turkey. The spores
were inoculated on wheat and bean seedlings grown in a
climate-controlled room (see pot experiments for details).
Fresh spores were dislodged from the surface of pustules
12 days after inoculation and immediately used for in vitro
and in vivo experiments.
2.3 Efficacy of salts on mycelial growth

The desired quantities of salts were added to autoclaved and cooled PDA medium at 50°C to obtain concentrations of 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1 and
1.5% (w/v). The pH values of all solutions were measured
(Table 1) at room temperature using a pH meter (Hanna HI

221, 8Hanna Instruments, Cluj-Napoca, Romania). The saltamended medium was dispensed (10 ml per plate) aseptically into 6-cm diameter Petri plates. A mycelial disc (5-mm
diameter) taken from 7-day-old culture of the respective fungus was placed in the center of each salt-amended PDA.
The plates were then sealed with Parafilm and incubated at
25 ± 1°C in the dark for 2-5 days. Mycelial growth was
measured daily at two perpendicular colony diameters until
the growth in the control plates reached the edge of the
plates. Plates without salt were used as control. The reported
percentage inhibition is the ratio of mycelial growth compared with that of the control.
The concentrations of salts that caused a 50% reduction (ED50) in mycelial growth were calculated by probit
analysis (SAS Institute, Cary, NC, USA). The minimum
inhibition concentration (MIC) that completely inhibited
mycelial growth was also determined by probit analysis.
The nature of toxicity (fungistatic/fungicidal) of the salts
was determined by using the method of Thompson [25] and
Tripathi et al. [26]. The inhibited fungal discs with no
growth were taken from the salt-amended Petri plates, reinoculated separately into fresh medium, and observed for
the revival of their growth for 9 days at 25 ± 1°C. The concentration that completely and irreversibly inhibited the
fungi when transferred to fresh medium was stated as the
minimum fungicidal concentration (MFC).
Four replicates were used for each concentration of
salts, and each replicate comprised one Petri dish. Experiments were conducted twice.
2.4 Efficacy of salts on spore germination and germ-tube elongation

The efficacy of salts on spore germination and germtube elongation of F. culmorum, F. nivale, F. solani, P. triticina and U. appendiculatus was determined. Different concentrations (0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.25,
0.5, 1 and 1.5%, w/v) of salts were added aseptically to autoclaved and cooled (to 50°C) PDA medium, followed by
the addition of 100 µg/ml streptomycin sulfate (Fluka, BioChemika, China). Salt-amended medium was dispensed
(10 ml per plate) aseptically into 6-cm-diameter Petri plates.
Spores were harvested from 1-week-old PDA cultures of
Fusarium spp. grown at 25 ± 1°C. Ten milliliters of sterile

TABLE 1 - The pH values of PDA medium amended with salts at different concentrations.
Salts

Ammonium sulfate
Magnesium sulfate
Potassium metabisulfite
Potassium sulfate
Sodium metabisulfite
Sodium sulfate

0.01

0.02

0.05

pH
Salt concentration (%, w/v)
0.1
0.2
0.4
0.6

5.40
5.31
5.41
5.41
5.41
5.41

5.40
5.23
5.40
5.41
5.40
5.41

5.40
5.12
5.40
5.41
5.40
5.40

5.39
4.97
5.33
5.40
5.23
5.40

The salts were added into the autoclaved PDA medium.
The pH of the autoclaved PDA medium without salts was 5.41.
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5.39
4.88
5.24
5.40
5.22
5.40

5.33
4.68
5.04
5.40
5.02
5.40

5.23
4.68
5.02
5.40
5.01
5.40

0.8

1

1.5

5.23
4.67
4.93
5.40
4.92
5.40

5.23
4.64
4.88
5.40
4.85
5.34

5.21
4.58
4.78
5.33
4.76
5.28
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water, containing 0.01% Tween-20, was added to Petri dish
cultures of Fusarium spp., the spores were gently dislodged
from the surface with a bacteriological loop, and suspensions were filtered through three layers of sterile cheesecloth to remove mycelial fragments. Fresh urediniospores
of P. triticina and U. appendiculatus were obtained from
pustules on infected leaves of potted wheat and bean plants
in a climate-controlled room (see pot experiments for details). The spore concentrations of Fusarium spp., P. triticina and U. appendiculatus were determined with a hemocytometer.

containing squares with an area of 1 cm2 and 1 mm2 each.
Mycelial growth was measured daily at two perpendicular
colony diameters until growth in the control plates reached
the edge of the plates. Percentage inhibition reported is the
ratio of mycelial growth compared with that of the control.
Five replicates were used for each concentration of
salts, and each replicate comprised one Petri dish. Analysis
of variance was performed, and mean values were separated by LSD test (P≤0.05). Experiments were conducted
twice.

The efficacy of salts on spore germination and germtube elongation of Fusarium spp., P. triticina and U. appendiculatus was tested by placing 100 µl aliquots of spore
suspension (104 spores/ml) of each pathogen in the Petri
dishes containing PDA medium with appropriate salt concentrations. Control treatments consisted of PDA medium
containing 100 µg/ml streptomycin sulfate. Petri dishes
were incubated at 20-25 ± 1°C for 6-12 h in darkness and
then spore germination percentages and germ-tube elongations were determined in 10 randomly selected microscopic fields. A total of 100 spores per replicate were observed. Spores were considered germinated when germtube length was equal to or greater than spore length. The
percentage inhibition of spore germination was calculated
as compared to the control.

2.6 Pot experiments

The concentrations of salts that caused a 50% reduction (ED50) in spore germination and germ-tube elongation
were calculated using a probit analysis in SAS. The minimum inhibition concentration (MIC) that completely inhibited the germination and germ-tube elongation of spores
was also determined by using the probit analysis.
Four replicates were used for each concentration of
salts, and each replicate comprised one Petri dish. Experiments were conducted twice.
2.5 Soil tests with soil-borne fungi

Cornmeal-sand medium was used in soil tests to evaluate the efficacies of sodium metabisulfite and potassium
metabisulfite. The media were prepared as described by
Ocamb et al. [27] with a slight modification to favor the
growth of fungi [28]. The ratio of cornmeal to sand was 1
to 8, and 45 g of medium was placed in glass 7-cm-diameter Petri plates. The Petri plates including medium were
sterilized in a laboratory oven at 130°C for 5 h. Three mycelial discs (5-mm-diameter) taken from 7-day-old culture
of the respective fungus in PDA medium were placed 0.5 cm
deep in cornmeal-sand medium. The discs were placed in the
center of the plates 1 cm apart, forming a triangle. The desired concentrations of sodium metabisulfite and potassium metabisulfite (0.05, 0.1, 0.2 and 0.4%, w/v) were prepared as described above, and 12 ml from each solution
was added to the cornmeal-sand medium. Control plates
received 12 ml of sterile distilled water. The plates were
sealed with Parafilm and incubated at 25 ± 1°C in the dark.
Fungal mycelial growth area was measured after removing
the Petri plate lids and using a transparent acetate paper

The efficacy of salts was tested under controlled conditions in a climate-controlled room as described below.
Ten wheat plants and two bean plants were grown in 10 cm
diameter pots. Gonen-98 and Gina are highly susceptible
to P. triticina and U. appendiculatus, respectively [29, 30].
Different concentrations (0.05, 0.1, 0.25, 0.5, 0.75, 1
and 1.5%, w/v) of salts were prepared in distilled water
containing 0.01% Tween-20. Tested concentrations were
applied to the single leaves of 10-and 12-day-old wheat and
bean plants, respectively, with a hand sprayer. The plants
were left to air-dry for 2 h and then inoculated with 105 and
4x104 urediniospores/ml suspensions of P. triticina and U.
appendiculatus, respectively. The urediniospore suspensions were also applied with a hand sprayer. Control treatments consisted of distilled water containing 0.01%
Tween-20. The synthetic fungicide Mancozeb (Dithane M45 Special, 80 WP, Dow Agro Sciences, Turkey, label rate,
0.2%) was used as a reference.
Inoculated plants were covered with polyethylene bags
to maximize the relative humidity to facilitate infection.
Covered plants were kept at 19 ± 1°C for 24 h in darkness
and then kept at 22 ± 1°C for 10 days without the polyethylene bags. The light intensity inside the climate room was
10.000 lux (167 μE/m2/s) with a 14 h supplemental photoperiod.
Disease assessments were made 10 days after inoculation. The number of pustules on primary leaves of wheat
[31] and bean plants was recorded. The length of assessed
wheat leaves was 10 cm. For bean rust, disease assessment
was made by counting the number of pustules per cm2 of
leaf [32]. Data were converted to the control percentage as
compared to controls.
Leaf phytotoxicity was assessed visually 10 d after application of salts. The degrees of phytotoxicity for all treated
leaves were assessed based on the following criteria:
No phytotoxicity: (no visible damage), slight phytotoxicity: (1-10% leaf area damaged), moderate phytotoxicity: (11-25% leaf area damaged), and severe phytotoxicity: (>25% leaf area damaged).
Three replicates were used for each concentration of
salts, and each replicate comprised three pots. Analysis of
variance was performed, and mean values were separated
by LSD test (P≤0.05). Experiments were conducted twice.
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3. RESULTS AND DISCUSSION
The ED50, MIC and MFC values of sulfur-containing
salts in inhibiting mycelial growth of phytopathogenic
fungi are presented in Table 2. Sodium metabisulfite and
potassium metabisulfite were the most effective at inhibiting mycelial growth of phytopathogenic fungi. The ED50,
MIC and MFC values ranged from 0.03 to 0.12%, 0.05 to
0.17% and 0.1 to 0.2% for sodium metabisulfite, respectively. Similarly, The ED50, MIC and MFC values ranged
from 0.03 to 0.13%, 0.05 to 0.17% and 0.1 to 0.2% for potassium metabisulfite, respectively. The lowest ED50, MIC
and MFC values for both sodium metabisulfite and potassium metabisulfite were recorded against S. sclerotiorum.
The ED50, MIC and MFC values of other tested salts (ammonium sulfate, magnesium sulfate, potassium sulfate and
sodium sulfate) were above 1.5%.
Previous literature data revealed that sodium metabisulfite completely inhibits the mycelial growth of Helminthosporium solani Durieu & Mont. [16], F. sambucinum
Fuckel [17], F. solani var. coeruleum (Saccardo) Booth
[22], F. oxysporum f. sp. cepae W. C. Snyder & H. N. Hansen [23, 24], Alternaria solani Sorauer, Botrytis cinerea

Pers.:Fr., F. sambucinum, Pythium sulcatum R. G. Pratt &
J. E. Mitch. and Rhizopus stolonifer (Ehrenb.) Vuill. [12].
It has also been shown to completely inhibit the mycelial
growth of A. alternata (Fr.) Keissl, B. cinerea, F. solani
var. coeruleum, Phytophthora erythroseptica Pethbr., P.
infestans (Mont.) de Bary, Verticillium albo-atrum Reinke
& Berthold, and V. dahlia Kleb. [18].
The ED50 and MIC values of sulfur-containing salts in
inhibiting germination and germ-tube elongation of phytopathogenic fungal spores are presented in Table 3. The
lowest ED50 and MIC values for spore germination and
germ-tube elongation against all pathogens were recorded
for sodium metabisulfite, potassium metabisulfite and ammonium sulfate. The ED50 and MIC values for spore germination and germ-tube elongation showed that all salts
used in this study were more toxic to U. appendiculatus
and P. triticina than to Fusarium spp.
The inhibitory efficacy of sodium metabisulfite on the
spore germination of various fungal pathogens, including
F. sambucinum, A. alternata, F. solani var. coeruleum, P.
erythroseptica and P. infestans, has been previously reported [17, 18].

TABLE 2 - ED50a, MICb and MFCc values (%, w/v) of sulfur-containing salts in inhibiting mycelial growth of phytopathogenic fungi.

Salts

Fusarium
culmorum

Fusarium
nivale

Fusarium
solani

Macrophomina
phaseolina

Rhizoctonia
solani

ED50 MIC MFC
ED50 MIC MFC
ED50 MIC MFC
ED50 MIC MFC
ED50 MIC MFC
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
Ammonium sulfate >1.5 >1.5 >1.5
Magnesium sulfate >1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
Potassium
0.08 0.15 0.2
0.13 0.17 0.2
0.13 0.17 0.2
0.13 0.17 0.2
0.07 0.14 0.2
metabisulfite
Potassium sulfate
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
Sodium
0.07 0.15 0.2
0.12 0.17 0.2
0.12 0.17 0.2
0.11 0.17 0.2
0.06 0.14 0.2
metabisulfite
Sodium sulfate
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
>1.5 >1.5 >1.5
a
The concentration that caused a 50% reduction, bMinimum inhibition concentration, cMinimum fungicidal concentration.

Sclerotinia
sclerotiorum
ED50
>1.5
>1.5
0.03

MIC
>1.5
>1.5
0.05

MFC
>1.5
>1.5
0.1

>1.5 >1.5 >1.5
0.03 0.05 0.1
>1.5 >1.5 >1.5

TABLE 3 - ED50a and MICb values (%, w/v) of sulfur-containing salts in inhibiting germination and germ-tube elongation of phytopathogenic
fungal spores.
Salts

Fusarium
culmorum
Spore germination
ED50 MIC
>1.5 >1.5

Fusarium
nivale

Fusarium
solani

Puccinia
triticina

Uromyces
appendiculatus

Germ-tube Spore ger- Germ-tube Spore ger- Germ-tube Spore ger- Germ-tube Spore ger- Germ-tube
elongation mination elongation mination elongation mination elongation
mination
elongation
ED50 MIC ED50 MIC ED50 MIC ED50 MIC ED50 MIC ED50 MIC ED50 MIC ED50 MIC ED50 MIC
0.92 >1.5 >1.5 >1.5 0.994 >1.5 >1.5 >1.5 0.906 >1.5 1.367 >1.5 0.46 >1.5 0.021 0.25 0.047 0.25

Ammonium
sulfate
Magnesium
>1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5
sulfate
Potassium
0.171 0.25 0.173 0.25 0.168 0.25 0.091 0.25 0.149 0.25 0.135
metabisulfite
Potassium
>1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5
sulfate
Sodium
0.082 0.25 0.098 0.25 0.125 0.25 0.086 0.25 0.08 0.25 0.093
metabisulfite
Sodium sulfate
>1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5 >1.5
a
The concentration that caused a 50% reduction, bMinimum inhibition concentration.
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>1.5 >1.5 >1.5 >1.5 >1.5 1.127 >1.5

0.946 >1.5

0.25 0.019 0.1

0.033 0.1

0.037 0.1

0.016 0.1

>1.5 >1.5 >1.5 1.383 >1.5 0.514 1

0.534 1

0.25 0.004 0.05 0.024 0.05 0.004 0.002 0.009 0.002
>1.5 >1.5 >1.5 1.04 >1.5 0.340 1.5

0.438 1.5
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TABLE 4 - Efficacy of sodium metabisulfite and potassium metabisulfite on mycelial growth of soil-borne fungi in soil tests.

Salts

Concentration
(%, w/v)

Inhibition over control (%)

Sodium
metabisulfite

0.05

Fusarium
culmorum
0.0 e*

Fusarium
nivale
0.0 d

Fusarium
solani
0.0 e

Macrophomina
phaseolina
0.0 d

0.1
0.2
0.4

35.9 c
56.4 b
100 a

15.2 c
43.5 b
100 a

14.9 d
44.7 b
100 a

20.8 c
46.3 b
100 a

Rhizoctonia
solani
20.1 d
38.1 c
52.3 b
100 a

Potassium
metabisulfite

0.05
0.1
0.2
0.4

0.0 e
27.3 d
39.7 c
100 a

0.0 d
12.0 c
36.2 b
100 a

0.0 e
12.7 d
37.8 c
100 a

0.0 d
14.9 c
40.5 b
100 a

21.4 d
40.6 c
47.7 b
100 a

Sclerotinia
sclerotiorum
28.0 c
40.1 b
100 a
100 a
23.1 c
36.5 b
100 a
100 a

*

Means within columns by unlike letters differ significantly according to LSD test (P≤0.05).

TABLE 5 – Efficacy of foliar sprays of sulfur-containing salts on inhibition of pustules caused by Puccinia triticina and Uromyces appendiculatus
in pot experiments.
Salts

Puccinia triticina

Concentration
(%, w/v)

Ammonium sulfate

0.05
0.0 r*
0.1
15.7 q
0.25
33.2 op
0.5
56.8 i-l
0.75
64.8 f-k
1
67.2 e-i
1.5
75.7 c-e**
Magnesium sulfate
0.05
0.0 r
0.1
40.0 no
0.25
55.7 j-m
0.5
65.8 e-j
0.75
70.7 d-g
1
75.3 c-f
1.5
85.6 bc
Potassium metabisulfite
0.05
0.0 r
0.1
17.8 q
0.25
45.1 mn
0.5
59.8 h-k
0.75
68.3 e-h**
Potassium sulfate
0.05
0.0 r
0.1
25.1 pq
0.25
56.3 j-l
0.5
63.1 g-k
0.75
69.3 e-h
1
70.7 d-g
1.5
87.7 b
Sodium metabisulfite
0.05
0.0 r
0.1
20.6 q
0.25
48.1 l-n
0.5
61.8 g-k**
Sodium sulfate
0.05
0.0 r
0.1
40.1 no
0.25
54.3 k-m
0.5
62.3 g-k
0.75
74.8 d-f
1
80.4 b-d
1.5
90.3 ab
Mancozeb
0.2
100 a
*
Means within columns by unlike letters differ significantly according to LSD test (P≤0.05).
**
Slight phytotoxicity (1-10% leaf area damaged).
ND, Not Determined.
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Uromyces appendiculatus
Control efficacy (%)
0.0 q
21.4 op
39.5 l
64.3 f-j
70.1 e-h
71.0 e-g**
ND
0.0 q
35.2 l-n
54.3 jk
57.0 jk
59.3 h-k
61.6 g-j
86.3 bc
0.0 q
14.8 p
50.5 k
64.3 f-j
70.2 e-g**
0.0 q
28.2 m-o
56.2 jk
57.8 i-k
58.3 i-k
58.5 i-k
82.3 cd
0.0 q
25.2 n-p
54.2 jk
67.9 e-i**
0.0 q
37.0 lm
60.8 g-k
70.5 e-g
73.1 d-f
75.3 de
94.9 ab
100 a
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Sulfur-containing salts are used as food additives for
many reasons and provide a wide range of benefits. Sodium metabisulfite and potassium metabisulfite are used
as preservatives. Other sulfur-containing salts (ammonium sulfate, magnesium sulfate, potassium sulfate and
sodium sulfate) are used as pH-adjusting agents in foods,
which may affect food microbiological quality [12].
There are numerous proposed mechanisms of action for
sulfur-containing compounds in inhibiting microorganisms. Sulfites, bisulfites and metabisulfites are reported
to act through the liberation of sulfur dioxide (SO2),
which interferes with various cellular components [33].
Cell damage may occur from interacting with the sulfhydryl groups of structural proteins and from interactions
with enzymes, cofactors, vitamins, nucleic acids, and lipids. Sulfur dioxide cleaves disulfide bonds in proteins
and changes the molecular conformation of enzymes,
which modifies the active site or destroys its coenzymes
[34]. The mode of action of sodium metabisulfite lies in
its inhibition of cellular intermediary metabolism, energy
production, protein biosynthesis, DNA replication and
membrane synthesis [35]. Avis et al. [8] have shown that
sodium metabisulfite acts through the disruption of F.
sambucinum cell membranes and that membrane lipid peroxidation and destruction is involved in the increased
permeability of fungal membranes [36]. The observed in
vitro efficacy of sodium metabisulfite and potassium
metabisulfite on the tested phytopathogenic fungi may be
attributed to one or several of these mechanisms.
Among the salts screened in in vitro experiments, sodium metabisulfite and potassium metabisulfite showed
the best overall performance against all tested fungi, and
therefore, they were selected for further testing in soil experiments. The efficacy of sodium metabisulfite and potassium metabisulfite on mycelial growth of soil-borne fungi
in soil tests is presented in Table 4. Both sodium metabisulfite and potassium metabisulfite completely inhibited
the mycelial growth of S. sclerotiorum at 0.2% in soil tests.
However, they were able to stop mycelial growth of F. culmorum, F. nivale, F. solani, M. phaseolina and R. solani at
only 0.4%. This result is consistent with the findings of
Turkkan [23], who showed that sodium metabisulfite at
0.4% completely inhibited mycelial growth of F. oxysporum f. sp. cepae in soil tests. Experimental soil tests
under controlled conditions may contribute to the assessment of the potential application of the salts under field
conditions in sustainable agriculture.
The efficacy of foliar sprays of sulfur-containing salts
on inhibition of pustules caused by P. triticina and U. appendiculatus is presented in Table 5. The tests showed that
the efficacy of salts was dependent on their concentration.
For both pathogens, an increase in concentration was associated with increased efficacy of salts in reducing the formation of pustules. In pot experiments conducted under
controlled conditions, foliar sprays of salts at all concentrations tested except 0.05% were effective for control of

rust fungi (P. triticina and U. appendiculatus). In these experiments, control efficacy of all tested salts ranged from 0
to 90.3% and 0 to 94.9% against P. triticina and U. appendiculatus, respectively. Sodium sulfate at 1.5% and Mancozeb treatments equally and effectively reduced the pustules caused by P. triticina and U. appendiculatus. The results of this study demonstrated that foliar sprays of sulfurcontaining salts significantly reduced rust development on
wheat and bean leaves. The inhibitory efficacy of tested
salts on the development of wheat leaf rust and bean rust
may be due to a direct toxic effect on both rust pathogens.
The present study is the first report on the antifungal
activity of sulfur-containing salts against F. culmorum, F.
nivale, F. solani, M. phaseolina, R. solani, S. sclerotiorum,
P. triticina and U. appendiculatus.
Results of pot experiments indicated that some concentrations of ammonium sulfate, potassium metabisulfite and sodium metabisulfite caused slight phytotoxicity
(1-10% leaf area damaged) on both wheat and bean
leaves. Previous reports showed that foliar applications of
some salt compounds may cause phytotoxicity on certain
plants [29, 37, 38]. These results indicate that the concentration of salts should be carefully optimized prior to use
in the field. In this study, the efficacies of salts were
tested on young seedlings grown in pots. Plant salt tolerance may vary in the field depending on growth stage according to species and variety of plant as well as weather
conditions.
The difference between in vitro and in vivo efficacy
implies that specific salt-host tissue interactions may involve biochemical reactions, such as host defense mechanisms contributing to the control of rust fungi. Furthermore, the interactions between salt and agar medium, and
between salt and the environment, may play an important
role [39, 40].
4. CONCLUSIONS
The findings in this study indicated that the use of sulfur-containing salts could be a valid alternative for control
of phytopathogenic fungi. These salts could potentially be
used alone in organic growing systems or in rotation with
synthetic fungicides as part of an integrated pest management (IPM) program in conventional agriculture. The findings of the present investigation will provide a non-toxic
and environmentally safe option for alternative control of
phytopathogenic fungi. However, this is only a preliminary
study regarding the efficacy of sulfur-containing salts on
phytopathogenic fungi. The efficacy of these salts should
be investigated in natural environmental conditions and on
different host-pathogen interactions before their use is recommended. Further studies are needed to evaluate the cost
and efficacy of these salts on the control of phytopathogenic fungi under glasshouse and field conditions.
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ABSTRACT
One of the best known cases of struggle for the commons in Italy, characterized by bitter controversies over the
last 20 years, is the popular opposition to the construction
of the High Speed Railway line (HSR, “TAV” in Italian)
between Turin and Lyon, designed to cross the Susa Valley
(at the Italian-French border) and the Alps. This HSR project still carries, in spite of twenty years of continuous updating and reworking, a great deal of unsolved environmental
and economic issues. An issue of insufficient cost-benefit
balance has recently come to clear evidence, especially in
view of the non-negligible passenger and freight traffic decrease along the Turin-Lyon direction. The most important
aspects dealing with economic costs and claimed benefits,
energetic considerations, legal constraints, environmental
impact, health impact potential, and the negative experience
of other projects, are discussed.

KEYWORDS:
Environmental Impact; High-speed Train, Turin-Lyon, Railway

1. INTRODUCTION
The Susa Valley situated between Maurienne, France
and Turin, Italy, has been urbanized by the economic development of the region. The construction of infrastructures
like the Frejus highway, an international railway, and a
large number of dams, tunnels and industries, has generated
significant environmental and social impacts. The pro-posed
high-speed train line (Treno Alta Velocità in Italian, or
TAV) between Turin and Lyon would pass cross the
Susa Valley, via 2 main tunnels and several shorter ones
* Corresponding author

across the Alps. The "No TAV" movement is a grass-roots
movement of the Susa Valley population against the new line
construction. The Turin-Lyon High Speed Railway (HSR) in
the Susa Valley (Italy) has long been surrounded by bitter controversies about the most significant and technical aspects of
the proposed project. The HSR project carries, after more than
twenty years of strenuous and continuous redesigning, a large
number of still unsolved environmental issues. Main pollution
problems dealing with the railway construction have been put
into evidence by several studies and official reports. For instance, the presence in the Susa Valley of geological formations with asbestos and uranium is of particular concern,
also considering the final destination of the extracted inert [1].
Aspects related to local hydrogeology and its perturbations,
and noise, are also of huge concern [2].
The insufficient cost-benefit balance, especially in
view of the significant passenger and freight traffic decrease along the Turin-Lyon direction [3], has come to
better evidence when the French Government (as of July
2012) announced a spending review that could stop the
construction of the HSR Turin-Lyon and other ones on the
French side [4].
Last but not least, the concept itself of this type of investment is under deep review, since the huge amount of
public money invested or planned in support of such development does not appear to be justified by sufficient economic benefits associated to the investment [5]. In other
words, not only a sequestration and degradation of the environment is going to take place, but also there is no advantage at all in economic terms, except probably for the
companies involved in the construction business and, more
likely, the banking system.
Getting back to the technical questions, we believe that
the usual appeal to the Precautionary Principle [6, 7] in the
case of HSR project is not even necessary. Economic data,
energetic considerations, legal questions, environmental
impact, the health impact potential, the negative experience
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of other projects, and especially the common sense, suggest
that the High-Speed Train Turin-Lyon is not an actual priority for Italy and Europe, and its construction should be
immediately stopped.
2. MATERIALS AND METHODS
2.1 The Susa Valley: Nature and history

The Susa Valley is located in Northwest Italy at the
border with France, from which it is separated by the Alps,
3600 meters high. It is the widest valley in the Western Alps;
in fact, it is a natural corridor stretching from East to West.
The two sides of the valley benefit from different sun exposure and this makes them quite different from one another.
The left side is dry, while the right side is humid, shady and
cold. The natural environment, and particularly the flora, is
deeply affected by this peculiarity, resulting in a valley with
extremely diverse and interesting sites and habitats. In particular, the Susa Valley is defined as a Site of Community Importance (SCI) according to the so-called European Commission “Habitats Directive” (92/43/EEC), within the Natura
2000 Network. The Dora Riparia River runs through the valley, and there are abundant springs and superficial aquifers.
Large pastures are located in the high part of the valley, while
at lower heights (1300–1800 meters) it is possible to find steep
crevasses. The Susa Valley is among the most developed alpine valleys from economic and infrastructural points of view.
It is crossed by two main roads through the passes Monginevro and Moncenisio. Moreover, a motorway and an international railway reach France through the Fréjus tunnel. The
Valley hosts three hydroelectric dams and is crossed by two
electric lines. Many tourist and sport resorts make the valley a
tourist attraction (it also was the base of the 2006 Winter
Olympics). There are many industries, including mining, and
many military roads built in previous centuries that are currently international tourist attractions for walkers and cyclists.
The valley has about 90,000 inhabitants, and it is divided into 39 Municipalities. There is a well-established
tourist industry, as it is evident by the presence of “second
homes”, hotels and motorway traffic. Notwithstanding the
heavy human presence, the Susa Valley features wide
semi-natural and wild areas, which host many examples of
alpine fauna (deer, chamois, roe deer, wild boar, eagles,
hawk, partridges and wolves) and a very rich diversity of
flower species: there are four natural parks, two natural reserves and many areas of European interest. Livestock
rearing, which was very intense until the end of World War
II and subsequently declined, is now in a new phase of
growth, albeit slow, and consists of about 8000 cattle,
12000 sheep and 800 goats.
2.2 The new Turin-Lyon railway

In the year 2005 the Rome-Naples HSR line came into
operation, the first one in Italy, followed by the Milano1

http://triskel182.wordpress.com/2012/03/06/tav-corte-dei-conti-costi-assurdi-

Turin line in the year 2006, the Milan-Bologna line in
2008, the Bologna-Florence and a high-speed technological improvement of the Florence-Roma in 2009. Further
line extensions (the Naples-Salerno and other minor lines)
completed the first Italian high-speed network in the following years until 2011. The Salerno-Milan line is part of
the North-South high speed European corridor, while the Milano-Turin-Lyon was designed to be part of a more ambitious project linking Kiev (Ukraine) to Lisboa (Portugal).
The project, not included by European Union among its priority high-speed projects, has lost potential partners on the way
(Spain, Portugal, Ukraine, Slovenia) due to the huge financial investments needed, low traffic forecasts, low economic return expected. As a consequence, it became a
France-Italy bilateral project, still under debate and waiting
for final approval and further funding. Its completion requires a new tunnel 57 km long and other rail works to link
to the existing network. The entire Turin-Lyon line would be
approximately 270 km long across the Susa Valley (Northern
Italy) which originated heated debate and opposition by the
local population over more than 20 years (and still pending).
Supporters claim the new line to be able to transfer large
fractions of freight traffic from road to rail, with consequent environmental advantages. The Governmental costbenefits analysis [9], claims that by the year 2035 about
39.9 Mton/yr of freight will be traded through the new line
across the Susa and Maurienne Valleys, ac-counting for
about 55% of total freight traffic. Such amount translates
into a ten times higher freight trade than in the year 2010, in
contrast with the present trend of decreasing commercial
traffic between Italy and France [8]. A residual 45% of traffic (1.6 times the 2010 traffic) would have to be transferred
via road by trucks through the Mount Blanc tunnel, translating into about 2 million trucks, about 800,000 more than
the 2010 circulating vehicles. Not a road traffic decrease, indeed, but a potential reduction of the planned increase [8].
2.3 Economic Cost-Benefits Assessment

Estimates about the needed investment and expected
benefits have been very uncertain until recently (June 2012),
when a Governmental cost-benefit analysis was finally presented [9] and published. The foreseen investment was so
large that a plan B was put forward: instead of a 270 km
line Turin-Lyon, a cheaper solution (only the 57 km basetunnel and related links to the existing line) was designed,
translating into a 60% cost abatement. Economic estimates
have always been uncertain and subject to exponential increase due to real costs occurred and the consequences of
organized crime and corruption, during the construction of
the Salerno-Milan High Speed Rail, as clearly pointed out
by the Italian Court of Auditors1, by the results of a public
audit performed by a special committee of the Italian Parlament [10] and other academic studies [11]. Some of these
sources have strongly questioned the validity of the HSR
investment and the possibility of a return on the invested
capital.
paolo-m-ruggero/
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2.4 Environmental and energy costs

A comparison between different transport modalities
is presented, based on published literature [13-20] among
others) and previous evaluations carried out by the Authors,
referring to the Naples-Milan HSR as a case study [8, 16]. In
particular, the following Environmental Impact Categories
are compared: Abiotic Resource Depletion, Cumulative
Energy Demand, CO2 emissions (Global Warming), SO2
emissions (acidification).
Three passenger transport modalities (road car, intercity train and high speed train) and three freight transport
modalities (heavy transport lorry, regular freight train, and
an hypotetical use of high capacity/high speed freight train)
are compared.
All calculated impacts refer to the functional units of
1 p-km and 1 t-km respectively for passengers and freight.
Other kinds of impacts (extraction of radioactive and
asbestos materials and hydrological risk) are also assessed,
based on Val Susa site-specific information.
3. RESULTS
3.1 Economic Costs-Benefits Assessment

Concerning freight, the central problem is that rail
freight transport in Italy occurs at an average speed of 19
km per hour [3], since trains are often diverted and parked
in transit stations, to provide priority to passenger trains.
This is the main bottleneck requiring improvement. It’s a
nonsense for commodities to arrive from France at a speed
of 150 kilometres per hour and have to stop and spend most
of their time in a transit station when they arrive in Italy.
Concerning passengers, it makes sense to talk of High
Speed Rail when the journeys are longer than 250-300 km.
In Italy, if we look closely at the rail transport statistics [3,
7], we can see that 80% of the demand for passenger
transport is for short journeys, less than 100 Km. It’s true
that Italian trains are overloaded with passengers on certain
routes but only very few people go from one end of the
country to the other, taking real advantage of the high
speed (also in consideration of the growing offer for lowcost airfares, competing with high prices of HSR tickets).
Official costs estimates refer to the entire line (270 km),
not just to the basic tunnel (57 km). Foreseen investments are
around 22 billion euro, but previous experience shows that
forecasts result much lower than final real costs. The Italian Milano-Salerno high speed train line, already implemented, costed three times more than the forecasts [12]; the
benefits for long-distance passengers in terms of time
saved cannot be disregarded, but they are offset by much
higher tariffs, and, more than that, by the huge cost of the
global investment. An ex-post cost-benefit assessment published by Beria and Grimaldi [11] in 2011 shows that even
the high ticket prices on the Milan-Salerno HSR line do not
pay back the long-term investment and daily operation

costs. The implementation of the Turin-Lyon would probably be even worse, since the expected number of passengers is very low: the line should thus be essentially used for
the transport of commodities, a modality that has been declining in the last 10 years [3] and that seems to have limited growth perspectives, due to the future competition by
the new Gotthard tunnel through the Italy-Switzerland border, expected to attract the large majority of traffic in the
North-South direction. Moreover the existing line, recently
renewed and improved, can carry up to 20 million tons [3],
a capacity that is much far from being saturated in the
short-medium time (if ever).
Concerning construction and operating costs, at the beginning it was estimated that the whole Italian High-Speed
network (and not just the Turin-Lyon HSR project) would
pay back for 60% of its costs. Then this estimate decreased
down to 40% and finally it was established that the 40%
would not include the costs for the “nodes” near the cities,
(really expensive). According to simulations in [7], the final estimate is around 20%. Concerning the Turin-Lyon
HSR, even that 20% will probably not be achieved (no financial analysis is available yet), and the State is supposed
to cover 100% of the costs. The Turin-Lyon is therefore a
monument to dissipation: it will cost 2 or 3 times the estimated expenses for the (always postponed and now cancelled) bridge over the Strait of Messina (and would be
equally useless).
As far as employment is concerned, nowadays, the
massive projects have a modest multiplier effect: manual
workers are not employed as they were in the 1800’s.
Moreover, the well known tourist value of Italian landscape
(with expected increase of visitors from recently developed
countries) should prevent from implementing further landscape degrading infrastructures, calling for much better
ways to invest public and private money, for higher return
in terms of revenues and jobs.
3.2 Environmental and Energy Assessment

Assessing the material and energy costs as well as
emission flows for construction and operation of the Italian
high-speed railway is not an easy task, due to the fog curtain and lack of transparent data that surrounds the entire
process. It would be very useful (and would constitute a
tribute to the rights of citizens to be properly informed according to the Aarhus convention, http://www.
unece.org/env/pp/introduction.html) to implement a complete Life Cycle Assessment of the entire project (infrastructure construction and operation phase) by a third party
team of experts. Environmental results are very sensitive to
factors such as ridership (load factor), a country’s electric
mix, extent of use by passenger and by freight traffic (very
uncertain at present), allocation of infrastructure costs to
passenger and freight transport, site-specific aspects. As a
consequence, all studies and estimates carried out up-todate are rich with uncertainties and depend on sometimes
arbitrary assumptions. We have identified arbitrary assumptions in LCA and impact assessment studies perfor-

1889

© by PSP Volume 24 – No 5a. 2015

Fresenius Environmental Bulletin

TABLE 1 - Average load factors and selected LCA impact categories for passenger road and rail transport modalities
Load factor
(passengers per trip)
Car
1.8
IC train
400
HS train
250
(*) Data from Ref. [16]

Abiotic material
depletion (kg/p-km)
0.53
0.85
1.40

Cumulative Energy Demand
(MJ/p-km)
1.87
0.77
1.44

CO2 emissions
(g CO2/p-km)
89.40
30.30
48.20

SO2 emissions
(g SO2/p-km)
0.24
0.34
0.56

TABLE 2 - Average load factors and selected LCA impact categories for freight road and rail transport modalities

Lorry (average)
Regular freight train
HS train
(*) Data from Ref. [16]

Load factor
(ton per trip)
8.8
350
350

Abiotic material
depletion (kg/t-km)
0.60
7.65
8.65

Cumulative energy Demand
(MJ/t-km)
1.25
2.50
3.09

-med within LCA commercial software as well as in official reports published in support of HSR.
However, published peer-reviewed studies [11-16] allow at least a gross estimate of impacts (Tables 1 and 2).
Tables reflect average values (based on estimates and
published reports) of material and energy flows for the construction and operation of the Naples-Milan high speed rail
[16,17]; results have been compared with internationally
published literature, taking into proper account the variability of ridership and electric mix.
The High Speed Rail transport always shows the worst
performance compared to ordinary railway and car extraurban transport, except for the impact categories Cumulative Energy Demand and CO2 emissions, where car
transport performance is much worse.
Other CO2 emission forecasts have been made by international research Institutes. The German MVV Consulting [18] estimated about 31.5 g CO2/p-km for Italian HSR
in 2009, with projections of further decrease to 22.5 g
CO2/p-km in the year 2020, due to the expected increase of
passenger traffic. While Federici et al. [16] calculated 48 g
CO2/p-km, based on a loading factor around 60% of available seats, Chester and Horvath (2009; http://www. sustainable-transportation.com/) estimated 80 g CO2/p-km for
90% seat occupancy and up to 700 g CO2/p-km for a low
10% occupancy rate, in California. Finally, Preston [19]
reviewed a number of private and public reports about
High Speed Rail in Japan, France, Spain and Germany, and
reported average values of 0.5 MJ/p-km for IC rail (load
factor 44%), 1.08 MJ/p-km for HSR (load factor 49%) and
0.94 MJ/p-km for road car traffic (load factor 36%).
Preston’s values did not include the energy costs of infrastructures (unlike Tables 1 and 2), which Preston
acknowledge in his work by referring to Chester and
Horvath [13] estimates that allocate infrastracture energy
costs and emissions to road, rail and air in percentages of
respectively 63%, 155% and 31%.

CO2 emissions
(g CO2/t-km)
72.10
150.00
189.00

SO2 emissions
(g SO2/p-km)
0.21
0.85
1.05

4. DISCUSSION
One of the main environmental justifications of HSR
projects is the transfer of goods and passengers from road
to rail modality, resulting in a reduction of the greenhouse
gas and other pollutants released by the engines of trucks.
Supporters of HSR put forward, as a main ecological
justification of projects, the energy savings and the expected decrease of pollutant emissions, associated to the
shift of a fraction of freight and passenger traffic from road
(fuel driven trucks and private cars) to electricity driven
railway. This result, although valuable in principle, cannot
be given for granted, and heavily depends not only on direct consumption of electricity and fuels, but also on the
energy investment for the infrastructure construction, including the energy incorporated into the materials and their
necessary management and maintenance. In the case of a
big infrastructure project, such as HSR, this is a particularly
important requirement for a careful analysis of the life cycle
of the project. Rail transport, less versatile than road
transport, may cause less pollution, but only if we use or
improve on an existing network. If we build a new line with
about 70 kilometers of tunnel, 10-20 years of construction
work, tens of thousands of truck journeys, excavated material to dispose of, drills, thousands of tons of iron and concrete, heavy interference with underground and surface water, to mention only a few aspects, and the energy necessary
to keep it working, then the consumption of raw materials
and energy and the related emissions are so high as to entirely offset the claimed advantage of the hypothetical partial transfer of freight from road to rail [13,16,17]. The
claimed virtuosity of the train is not always confirmed in
real cases, and heavily depends on the energy investment
for infrastructure, including the energy embodied in the
materials and the necessary management and maintenance
over the entire infrastructure life cycle. The ridership is also
of paramount importance: in the presence of a small or decreasing traffic, the investment per unit of passenger and
commodity transported would never be competitive with
other transport modalities (or with a decreased transport
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demand driven by more local consumption, when such option exists). In the case of a big infrastructure project, such
as the Lyon-Turin line between France and Italy, energy and
environmental costs require a special attention and a careful
analysis of the energy and material flows involved over the
entire project life cycle.
The environmental impact of any new construction
project is high; a project may be justified, however, if its
usefulness compensates the environmental burden from
construction and operation. Given the serious doubts about
its usefulness under the perspective of declining freight
traffic, the HSR project runs the risk that the shift in traffic
from road to rail would not occur or be very low, and thus
the benefits in the reduction of the environmental impact
would also be very low. Planners forecast fourteen trains
per day, while the capacity of the line is for 250 vehicles.
Freight traffic on rail lines is in decline throughout Europe,
with very few exceptions. Even in France, rail traffic is declining because in the last two centuries production has
shifted away from raw materials traditionally carried by
rail such as bricks, wood and coal. It would be much better
from the environmental standpoint to invest in technologies that cost much less and can do a better job at dealing
with any likely increases in demand.
4.1 Energy cost-benefit analysis

Energy intensity indicators for construction and operation listed in Table 1 for passenger traffic and Table 2 for
freight traffic clearly show a much higher energy expenditure of HSR compared to Intercity rail as far as passenger
traffic is concerned. The hypothetical use of HSR for
freight transport is also very energy intensive compared to
both regular freight trains and trucks. Only passenger
transport by car is more energy expensive than any other
modality. As already pointed out, results may depend on a
variety of factors, including assumptions on vehicle load,
on electric mix, on infrastructure allocation to transport
modalities. Energy intensity values are affected to some extent by ridership: increased use may decrease the impact of
infrastructure costs, in that this latter would be allocated to a
much larger amount of freight transported. It would not,
however, affect too much the operational energy costs, because of a proportional increase of electric use and commodities transported.
Calculations from [16,17] are based on present load
factors from official statistics. A decreasing traffic would
only have the effect of increasing the unit transportation
costs and emissions. Claims of HSR proposers foresee increasing traffic in the next 30-50 years, which is not supported by present trend data and may rather be ascribed to
fairy tales books. By the way, the present offer by the Italian railway companies (FS and NTV) is towards improving
comfort for a limited category of users (business and executive class coaches), with about 40% decreased number of
seats. Decreasing ridership inversely affects energy and environmental costs.

It should be noted from Tables 1 and 2 that cumulative
energy demand for Intercity and HSR passenger transport
are respectively 59% and 23% lower than for road vehicles,
while the opposite is true for freight transport (respectively
2 and 2.4 time higher for IC and HSR than cars), due to
higher loading factors for trucks compared to railway carriages.
Last but not least, Spiellman et al. [20], in their study
about high speed transport in Switzerland, foresee increased
energy demand and emissions due to rebound effect phenomena (and Jevons paradox): increased time use efficiency
and longer distance run within the time fraction allocated to
travel are estimated to increase the number of trips and
trains on the same route, thus causing global higher energy
consumption and CO2 emissions. Similar results were confirmed for Italian freight transport by Ruzzenenti et al [21]
and by Ruzzenenti and Basosi [22].
4.2 Carbon emissions

Train transportation modalities are claimed a priori to
be carbon free or, at least, less carbon intensive. It is certainly true that a train does not directly release any CO2
during its operation. However, the construction of the infrastructure (excavations, tracks, viaducts, concrete for
tunnel walls reinforcement, electric lines) and vehicles,
maintenance operations, and the provision of electric
power all require huge amounts of energy that are in Italy
mainly based on fossil fuels Considering the non linear increase of energy consumption of a running vehicle up to
more than 3-4 times when speed increases from 100 to 300
km/yr [24], due to the kinetic energy loss while braking and
aerodynamic resistance; considering also the need for
strong, complex and much more sophisticated HSR infrastructures compared with regular IC trains, and finally considering the much lower occupancy per trip, CO2 emissions
per p-km and t-km come out to be more than 30% higher
for HSR than for IC train (Tables 1 and 2) and likely to be
even higher than highway track transport in times of increased decline of traffic along the Turin-Lyon corridor. Infrastructure-related energy costs and emissions account for
about 40-45% of total life cycle [14,16], depending on the
electric and energy mix of a country.
Calculations from the Italian Government’s cost-benefit
assessment [23] point out – for the entire, not yet existing,
East-West EU Corridor 5 - an annual decrease of CO2
emissions equal to 3 million ton/yr avoided by the year
2055 with a net release until 2038; in that year the foreseen
(although not supported by any present real traffic data) increase of traffic and related savings on road transport
should offset the emissions associated to the infrastructure
and operation of HSR. Surprising it may appear, these calculations do not include the emissions related to infrastructure construction, which means that about 40% of total life
cycle emissions are not accounted for, thus making the
break-even point (if any) much beyond than the claimed
year 2038.
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The Frejus highway in the Susa Valley is presently
used by approximately 3300 big transport trucks per day.
The foreseen increase of freight traffic by ten times via railway and by 1.6 times via road by the year 2035 [23] must
be combined to the almost certain decision to implement as
a cheaper solution only the construction of the base tunnel
(57 km) and links to the old line: this means that, considering
the limited capacity of the latter (20 Mton/ yr), additional 19.9
Mton/yr will have to flow through the Frejus highway instead of being transported via rail, thus totaling about 52.3
Mton/yr by truck. This translates into 3,300,000 truck trips
per year, about 2.75 times the road traffic in the year 2010,
a nightmare scenario for both energy consumption and CO2
and other pollutants emissions. Actually, these results
show that the traffic previsions used to support the HSR
construction are unrealistic. It seems therefore very hard to
support the claim that the construction of the HSR TurinLyon would be consistent with the requirements of the
Kyoto Protocol and future similar low-carbon agreements.
The Italian Trenitalia SpA indicated up to the year
2008 non-negligible savings of CO2 emissions by using
railway instead of road and air carriers, based on ENEA
(National Energy Agency) estimates, in turn based on the
European Consulting ODYSSEE.2 These data could not reliably include HSR, that was at its very beginning steps. In
the last years, Trenitalia indicated on its railway tickets a
new reference: www.ecopassenger.org, that in turn refers to,
IFEU - Institut für Energie und Umweltforschung, Heidelberg, Germany (IFEU, 2010). The IFEU study only includes emissions linked to direct electricity consumption,
calculated with reference to average values of eight European countries, not including Italy. No evidence in the
study of the inclusion of infrastructure construction.
Finally, the British Network Rail [24] estimates that the
greenhouse gas emissions can in 2007 be attributed 80% to
train operations, 18% to infrastructure and only 1% to train
production, based on a Eurostar Class 373 (reflecting relatively long asset lives and intense utilisation; by calculating
values in g CO2eq per seat-km instead of p-km, the report
does not account for actual seat occupancy).
4.3 Further site-specific impacts

The Turin-Lyon HSR construction carries a number of
additional environmental problems, that have been highlighted by several studies [1, 3, 16, 25-27]. Particularly
alarming is that the planned tunnel, which will be more than
100 kilometers long (a double tunnel, 57 km each one), will
pass through zones with a high concentration of asbestos
and uranium. For example, concerning uranium, it is
planned that the resulting material from excavations will
also be disposed of in two open-pit mines in the Susa Valley, Meana and Caprie. Thus, about 3.3 109 becquerels of
radioactivity from uranium would be dispersed into the environment, with possible water and soil contamination.
Due to weather conditions, resuspension of polluted dust is
2

quite likely, and such a dispersion of pollutants would expose the local population to collective doses of several
thousands of sieverts per person: this represents a hazard
for public health in the zones surrounding the mines, where
hundreds of persons are living.
4.3.1 Radioactive excavation materials

Concerning Uranium, it is foreseen that a fraction of
the resulting material from excavations will be disposed of
in two open-pit mines in the Valsusa, Meana and Caprie
[27]. This would imply the dispersion into the environment
of about 3.3 109 Bq of radioactivity, with likely water and
soil contamination. Due to the action of meteorological
agents, resuspension, and wind, such a dispersion of radioactive pollutants would expose the local population to collective doses of several thousands of Sv/person [27].
Concerning excavation of tunnels in uranium-bearing
rocks, even with quite low concentration, the main source
of radiation exposure is radon (222Rn), a radioactive gas,
and radon decay products. Radon is colorless, odorless, and
chemically inert; it is formed by the radioactive decay of
uranium in rock, soil, and water, and has a half-life of about
four days. When radon undergoes radioactive decay, it
emits ionizing radiation in the form of alpha particles. It
also produces metallic short-lived decay products, like:
218
Po, 214Pb, 214Bi, 214Po, 210Bi, 210Pb. Their chemical reactivity and electric properties make them stick to dust and
other tiny particles in air. These dust particles can easily be
inhaled into the lung and fixed to pulmonary mucosae. The
deposited atoms decay and eventually damage cells in the
lung. A considerable amount of evidence has established
that prolonged exposure to the α- emitting decay products
of radon increases the risk of lung cancer [1]. Accurate
measurements of concentration are mandatory by law in
workplaces, and, in some cases, adequate countermeasures
too. Compliance with dose constraints must be demonstrated by gas measurements and may be verified or predicted with dose assessments. The dose received by an individual working for the excavation of the HSR Tunnel is
estimated, using the code RESRAD-BUILD [1].
Natural radionuclide concentrations in the Susa Valley
can reach quite high concentrations in some selected locations, due to the presence of several uranium-rich geological formations and even some former sample uranium
mines dating from the fifties. For instance, the Regional
Agency for the Environment of Piedmont, Italy (ARPA)
measure concentrations up to 100 Bq/g in samples of rock
collected in Venaus (Susa Valley) [28]. We however refer
to more moderate values, far from the above peak values. In
particular, the world average concentration of U in rocks is
estimated to be 0025 Bq/g, while worldwide mean values
for other natural radioactive species are: 0.028 Bq/g (232Th)
and 0.37 Bq/g (40K). We, therefore, assume a concentration
equal to 0.0265 Bq/g, that is around 3800 times lower than
the peak values above. This value is in agreement with

http://www.odyssee-indicators.org/
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measurements conducted by ARPA during the excavation
of a service tunnel, carried out by the Italian Energy Authority AEM, not far from the village of Exilles in the Susa
Valley [29].

Caselette in lower Susa Valley. The same rocks form the
mountains above Chiusa San Michele, Sant'Ambrogio and
Avigliana, municipalities included in the route of the international and domestic tracks of the HSR.

According to these values, the absorbed dose for workers due to the permanence inside the tunnel exceeds the lowest threshold (1 mSv/h) imposed by the Italian law [30] in
the absence of adequate ventilation: in particular, the dose
equivalent value of about 197 mSv/yr without any ventilation can be reduced to 1 mSv/h with an air exchange rate
of 0.87 (1/h), i.e, all the air content of the tunnel must be
completely changed almost every hour. It is an amazing result, considering that we assumed a quite moderate concentration of uranium just slightly superior to the world average:
in presence of real uranium-rich formations that can be
found in many places in Valsusa [31]; these values would
scale up to unsustainable levels.

4.3.3 Hydrological risk

4.3.2 Asbestos excavation materials

Concerning asbestos, HSR proposers claim that about
170,000 m3 of asbestos-bearing rock with “relevant concentrations” [32] can be found 500 m from the base tunnel.
This assumption can be proved to be a huge underestimate
of the real case, by at least a factor 10. First of all, let’s note
that “very low levels" are defined in [32] as "the ones under
a 5% concentration of asbestos in rocks encountered during
excavation”, while the legal limit is about 0.1% according
to the Italian Law; the latter banned asbestos from any use
since 1992 [33], since even a few fibers can cause serious
health damages: if such more appropriate threshold concentration is assumed for asbestos then the estimated
amount of asbestos-bearing rocks in excavation material
would be much higher than 170,000 m3. Moreover, in 19951998 the Turin University [34] performed evaluations in
the Susa Valley showing the presence of chrysotile and
tremolite, both asbestos minerals. It is important to point
out that the study was commissioned by Alpetunnel, the
first company responsible for the design of the Tunnel. The
most recent surveys carried out by the HSR proponents
[32] and claiming the absence of asbestos are instead questionable. The sampling activities were carried out in points
where no asbestos presence was expected: the tectonics
structure of the Western Alps in the Susa Valley zone is
very complex, having been involved in various geological
events; as a consequence, sampling results would have
been very different in the surrounding areas. Surveys of the
University of Siena found asbestos fibers "with high tendency to defibrillation" [34] in 20 out of 39 rock samples
tested in the Susa Valley. Further studies [34-36] concerning the presence of chrysotile veins identified non-negligible asbestos concentrations in many serpentinite rocks in
Val Susa. Tremolite veins are common in small masses of
serpentinite schists in the Piedmont area, especially in the
upper Val Susa. Rocks are potentially asbestos-rich also
in other lithological contexts, the serpentinized peridotites of the “Mount Musinè” in Susa Valley [37] and in the
ultrabasic complex in Lanzo between Almese and

An assessment of hydrological risks connected with
the HSR construction may be summarized as follows. In
2006, about 30 superficial water springs have been identified by the HSR proponents [38] along the old version of
track of the national segment rail line, in many villages in
the Susa Valley. Same situation appears in the Municipalities impacted by the international segment, where the number of water sources and creeks is quite high, with the complication that several of them are used as drinkable water
supply. Therefore, two kinds of problems emerge:
•

The excavation activities can drain or divert the springs
leaving population without water

•

The sources can be polluted, becoming undrinkable and
unusable.

In presence of a very deep tunnel design, sampling surveys are not so easy because of the depth of some sites and
because of the difficulty to reach the surface sampling sites
located in mountain. Just to mention an example related to
the Susa Valley, during the activities for the construction
of the “Pont Ventoux” hydroelectric power plant, a large
number of high pressure water jets have been found, together with an underground lake of hundreds of thousand
cubic meters. Moreover, the artificial lake of the Mont Cenis, a 333 million cubic meters water reservoir at 2000 meters of altitude, supplying power plants in France and in
Italy, is located in the area. Interception of very high-pressure jets cannot be excluded a priori during excavations.
4.4 Economic cost-benefit

Finally, Preston’s review at European level [19] points
out that “the dominant benefits are time savings to HSR users and the net revenue to the rail industry. Other benefits,
such as reduced overcrowding, the benefits of released capacity on the classic rail network and on parallel roads,
and of reduced emissions of greenhouse gases are much
smaller but are positive”.
This author underlines that benefits are estimated based
on the claimed existence of increased strong demand for passenger rail services. Preston’s report warns that operating
and maintenance costs might be covered by revenues from
passenger traffic, but also states that the latter are unlikely
to contribute to more than a small fraction of capital costs,
thus requiring non-negligible public support. In conclusion, Preston states that “the limited reviews of high speed
rail projects elsewhere in Europe indicate that they have
been affected by appraisal optimism and that out-turn results suggest Benefit Cost Ratios much lower than those
being forecast in Britain”.
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5. CONCLUSION
Recently, a down-sized project was presented by the
Italian Government [39], costing one third of the original
one, and limited to the base tunnel, i.e. without any improvement of the existing line outside it (“Low-Cost Solution”). In practice, this makes the overall time savings very
modest, eliminating any possible relevance for the passenger traffic. No analysis has been presented yet, but for sure
this downsizing is the consequence of the local opposition,
the lack of public funds, and the widespread skepticism of
the academic world. For sure, all the relevant impacts will
also be proportionally reduced, although this “success” does
not make the expenditure any more justified.
Can the opposition against HSR be defined as “against
Progress”? Results suggest the opposite to be true. Progress
and wellbeing must not be confused with infinite growth.
The territory of Italy is small and over-populated. Natural
resources (water, agricultural land, forests, minerals) are
limited. Pollution and waste are increasing. Fossil energy
supplies are coming to an end. Progress means understanding that physical limits exist to our mania to construct and
transform the face of the planet. Progress means optimizing,
increasing the efficiency and durability of already existing
infrastructures and built environment, cutting out what is superfluous and investing in intellectual and cultural growth
more than material one, using minds more than muscles. The
HSR represents the exact opposite of this idea: wasting resources for no benefit.
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ABSTRACT
Sufficient evidence of an increased risk from exposure
to Electro-Magnetic Fields comes from epidemiological
studies, in particular regarding adverse acute effects and
even long-term carcinogenic effects that cannot be attributed to chance, bias or confounding.
The MUOS (Mobile User Objective System) station in
Niscemi (Sicily, Italy) is part of a worldwide network of
telecommunications of the U.S. Army: the network consists of three other similar stations (two in the U.S. and one
in Australia) and a fleet of satellites.
Our study presents the results of electromagnetic radiation
models in that area and documents the scientific reasons
why the MUOS system should not be installed in Niscemi
for safety reasons.

KEYWORDS: Electro-Magnetic Fields, health effects, epidemiological studies, MUOS

1. INTRODUCTION
Recent and very recent scientific literature shows that
both biological and health effects of EMF radiations – from
the extremely low frequency magnetic fields (ELF/ EMF)
to the high and very high radiofrequencies (RF/ EMF) – are
clearly established and occur even at very low exposure levels. Reference will be made, in this paper, to some of the most
relevant studies, such as those in [1-18]. Overall, however,
there are now almost 4.000 experimental studies that report
* Corresponding author

a variety of short and medium-term effects of EMF, which
support the biological plausibility of the increased risks of
their long-term genotoxic, carcinogenic and neurodegenerative consequences on exposed human populations [16].
Many of these effects can reasonably be presumed to
result in adverse health effects if the exposures are prolonged or chronic. This is because they interfere with normal
body processes (disrupt homeostasis), prevent the body from
healing damaged DNA, produce immune system im-balances, metabolic disruption and lower resilience to disease
across multiple pathways [4, 17, 18]. Essential body processes can eventually be disabled by incessant external
stresses (from system-wide electrophysiological interference) and lead to pervasive impairment of behavioral, metabolic and reproductive functions. There is good evidence
to suggest that many toxic exposures may have detrimental
consequences, and may lay the seeds of health harm that
develops even decades later [13].
Existing ICNIRP (International Commission on NonIonizing Radiation Protection) public safety recommended
levels are not sufficient to ensure adequate protection of public health, in particular for the young subjects - embryos, fetuses, neonates, very young children – and for those which
are exposed to ELF and RF/EMF for long time.
Sufficient evidence of an increased risk from exposure
to EMF comes from epidemiological studies, in particular
regarding adverse acute effects and even long-term carcinogenic effects that cannot be attributed to chance, bias
or confounding [2-15]. Therefore, according to the Recommendations of IARC [16], such exposures can be classified
as Group 2A “possible carcinogenic agents for humans”,
even if some scientists and epidemiologists believe that the
classification as "probable carcinogenic for humans" would
be more correct.
Resolution 1815 of 27.05.2011 of the Council of
Europe "on the potential harm caused by electromagnetic
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fields and their effects on the environment"3 is even more
explicit in pointing out the failures, the risks and the necessary precautionary measures on this issue: "The Parliamentary Assembly has repeatedly stressed the importance
of the commitment of Member States to preserve the environment and human health from environmental hazards,
such as exposed in many documents, meetings, statements
and protocols since the United Nations Conference on Environment and Health and the Stockholm Declaration
(Stockholm 1972). The Assembly refers to its previous work
in this field, namely Recommendation 1863 (2009) on the
environment and health, Recommendation 1947 (2010) on
noise and light pollution and, more generally, the recommendation 1885 (2009) on drafting an additional protocol
to the European Conference on Human Rights concerning
the right to a healthy environment and Recommendation
1430 (1999) on access to information, public participation
in decisions that affect the 'environment and the possibility
to access to justice with the support of the Aarhus Convention.”
According to the Resolution 1815 of the Parliamentary
Assembly of the Council of Europe (PACE) 27.05.11: 4
1. "The possible health effects of ELF-EMF emitted by
power lines and electrical devices (classified in 2001 by
IARC as 2B "possible carcinogen for humans") are the subject of ongoing research and of important public debate. According to the WHO, the electromagnetic fields of all frequencies represent one of the most increasing pollutants in
the environment, about which anxiety and speculation are
widespread. All populations are now exposed to varying
degrees of EMF, the levels of which will continually grow
according to technological developments.
2. While electric and electromagnetic fields in certain
frequency bands have shown to produce beneficial effects
and they are applied in medicine, other non-ionizing extremely low frequencies, resulting from power lines or
certain high frequency waves used in the fields of radar,
telecommunications or mobile telephony, appear to have
potentially harmful non-thermal effects, on plants, insects,
animals and humans even when exposed to levels that are
below the law limit values.
3. With respect to standards or threshold values for
emissions of electromagnetic fields of all kinds of frequencies, the Parliamentary Assembly of the Council of Europe
recommends that the ALARA principle (As Low As Reasonably Achievable) is applied or "so low as reasonably
practicable" for both the so-called thermal effects and nonthermal biological effects of electromagnetic radiation.
Also, the Precautionary Principle should be applied to, when
scientific evaluation does not allow to determine with sufficient certainty the risk, especially given the context of increased exposure of the population, including particularly
vulnerable groups such as young people and children,
3

See document on site: http://www.assembly.coe.int/

which could lead to economic and human extremely high
costs due to the inertia, if the first signs of alarm are denied.
4. The Assembly regrets that, despite repeated references to the precautionary principle and despite all the recommendations, declarations and a number of legislative
and statutory provisions, there is still a lack of reaction to
known or emerging risks to the health and environment and
virtually systematic delays in adopting and implementing
effective preventive measures. The expectation of clinical
and scientific evidence of the highest level before taking
action to prevent well- known risks can lead to very high
economic and social costs, as it happened in the case of
asbestos, lead in petrol and tobacco.
5. In addition, the Assembly notes that the problem of
fields or electromagnetic waves and the possible consequences on the environment and health has clear parallels
with other current issues, such as authorizations for medicines, drugs , pesticides, heavy metals and genetically
modified organisms. It is therefore clear that the need for
independence and credibility is crucial to make a transparent and balanced assessment of potential negative impact
on the environment and human health.
Between late 2012 and early 2013 three important positions papers were published, which reaffirmed the urgent
need to adopt extremely strict decisions to restrict the exposure to EMF:
1) A "draft resolution" of the European Parliament was
approved by a large majority in The Committee of Employment and Social Affairs on 06.12.2012 on "best
protections for workers in the Eurozone exposed to
electromagnetic fields", it was addressed to those workers exposed to high risk, e.g. workers in heavy industry
(metallurgy) and those workers who work for long periods in the radio and television stations, radar installations near or repeaters for mobile telephone network.
2) An update to the BioInitiative Report [16], authors 29
scientists from 10 different countries, states that 1,800
new studies on the effects of EMFs report harmful to
human health, in addition to the more than 2,000 references in 2007, are now available. According to the authors, the epidemiological evidence indicates that the
RF should be classified as probable carcinogenic to humans. Therefore the safety limits of exposure to RF established more than 20 years ago by the European Union and WHO, and other international agencies are inadequate to protect human health. There are now much
stronger evidence than 6 years ago that the risks from
exposure to EMFs affect millions of people. Therefore,
the status quo is no longer acceptable.
3) A new report from the EEA, named Late lessons from
early warnings: science, precaution, innovation. Lesson 2.
(EEA Report No 1/ 2013), reiterates the imperative need
to reduce the misuse of telecommunications TM.
4
Text Adopted by the Standing Committee of the Council of Europe, acting on behalf of the Assembly, May 27, 2011.
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Any decision by the regulatory bodies responsible for
public health must take into account two fundamental principles governing the Community legislation: in particular the
Precautionary Principle and the Principle of Proportionality.
The Precautionary Principle, due to its difficulty of interpretation, was the subject of a specific communication
from the Commission of the European Communities (EC)
on February 2, 2000. In particular, the controversial issue
was summed up in this sentence: "Policy makers are constantly faced with the dilemma of balancing the freedom
and rights of individuals, industry and organizations with
the need to reduce the risks of adverse effects to the environment and to the health of humans, animals and plants.
Finding the correct balance, so as to enable the adoption
of non-discriminatory, proportionate, transparent and
consistent measures, requires a structured decision-making on the basis of objective and detailed information of a
scientific or otherwise."
The extreme version of the precautionary principle
would lead to the blocking of any innovation on the basis
of a "you never know", while the other extreme would
mean any minimized risk could be acceptable. The Commission noted that: "However, there are situations where the
scientific data are not sufficient to allow one to apply these
elements of prudence, in which the lack of modeling parameters does not allow any extrapolation, in which the
cause/effect relations are suspected but not been demonstrated. In these situations the decision makers face the dilemma to act or not to act. "
It follows that the task of scientists - and in this case in
particular - is to provide all elements that are reasonably
useful for decision makers, particularly considerable scientific studies - and elements derived from these - to evaluate
the involved risks, in terms of serious and significant effects on the public health and on the environment.
On the other hand, according to the 2000 Communication of the EC, to govern the administrative activities according to the Principle of Proportionality means, in practice, that "this principle finds applications not only in the
judicial review on the misuse of administrative discretion,
but it is a constant benchmark for the public administration. The act which must be, therefore, constantly proportionate to the objective pursued by the provision conferring
the power. And this proportion is only possible to search
for it through the identification and comparison of all the
competing interests at stake. This means, in practice, the
duty of the administration to constantly investigate all possible alternatives to its actions: in order to always seek the
most appropriate solution not only to the pursuit of the
public primary, but also the most gentle among those at his
disposal, in view of the criterion of necessity. But what
about the criterion of proportionality in the strict sense, in
this sense, the administration's goal should be to reach a
settlement of the interests at stake that, through a balanced
offering of the different interests from the public primary,
proves, precisely as proportionate. Otherwise, the sacrifice
of the interests other than in the primary will not be justi

fied and the administrative action will be contrary to the
principle of proportionality and as such reprehensible."
2. EPIDEMIOLOGICAL STUDIES ON
OCCUPATIONAL EXPOSURES TO RADIOFREQUENCY AND MICROWAVE RADIATIONS
Epidemiological studies on occupational exposures to
radiofrequency (RF) and microwave (MW) radiations have
a number of limitations. Firstly, the definition of exposure is
poor: exposure is often related to the work in question, specifically or probably performed in the presence of emitting
equipments. In other cases, exposure is considered to be
probably or possibly inherent to a particular type of occupation. Then again, exposure is sometimes self-reported in a
questionnaire. And even when exposure is unequivocal,
there is rarely adequate information on the frequency and
intensity of the electromagnetic fields (EMF) in question, or
on exposure times (daily/weekly time profiles, overall exposure time). Most of epidemiological studies do not consider
the total exposure and the sinergy of the different fields.
These studies thus lack precise dosimetry information about
the persons exposed. In addition, any exposure to further carcinogens must be taken into account in populations exposed
to RF or MW at home, but there is a total lack of documentation. This complicates association between any increase in
risk found and presumed exposure to EMF. However, the
most likely outcome of an inaccurate selection of subjects
actually exposed is their "dilution" among those who are not
exposed, and consequently an underestimation of risk index.
Of the epidemiological studies finding a statistically significant correlation among workplace exposures to RF/MW
– in particular those emitted by radars - and increased risk of
tumors, a number deserve special mention. First is one by
Lilienfeld et al. [1], and Yakimenko et al. [13], conducted on
employees at the American Embassy in Moscow exposed to
MW (radar) and employed between 1953 and 1976. This
study showed a significant increase in risk of all neoplasiae, whether in adults or children, in particular leukaemia (adults and children) and brain and breast tumors
(adults only).
Garland et al. [2-3] instead looked at US navy and air
force personnel exposed to MW (radar); their investigation
showed a significant increase in risk of both testicular cancer and myeloid leukaemia.
An extensive epidemiological study was conducted by
Szmigielski [4] on military personnel serving in Poland between 1971 and 1985 and classified as having been exposed to RF/MW, notably to radar electromagnetic emissions, on the basis of measurements effected occupationally: a significant increase in risk was found, in particular
in lymph system tumors.
Norwegian telephone company employees were considered in a study by Tynes et al. [5], in which incidence of
cancer was evaluated relative to that of the general population: operators of radio and telegraph (RF) transmission
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equipment were found to have a significant increase in risk
of cancer in general, especially of breast and uterine cancers.
Other epidemiological studies from the first half of the
90s revealed significant increases in the risk of brain tumors in American military personnel (male only, 880,000
persons examined [6]), of eye tumors (intraocular melanoma) in persons exposed to radar at work [7] and of all
tumors, but specially of those of the haematolymphatic system and of lymphomas [9]. Particularly noteworthy are two
cases of clusters of testicular tumors, i.e. of incidental observations of excess numbers of neoplastic cases in small
groups of American police operators of hand-held radar devices [8] and of technicians exposed to radar (MW), probably to fairly high intensity fields [10].
Further research on exposure to radar includes the study
by Groves et al. [11]. This work examined mortality due to
various causes in 40,581 Korean war U.S. veterans with
potential exposure to high intensity radar (non-specified),
finding a statistically significant doubling (95% probability) of risk of death due to non-lymphocytic leukaemia
among high-exposure electronics technicians in aviation
squadrons (Standardized Mortality Ratio, SMR=2.2;
IC95%=1.3-3.7).
Degrave et al. [12] investigated mortality among
4,417 Belgian military personnel with exposure to antiaircraft radar of average power 1500 W and modulated
peaks 500,000 W, and frequencies 1 to 10 GHz. This retrospective review of causes of death in radar operators
working in the Belgian military between 1963 and 1994 revealed a statistically significant increase in risk of death
due to all neoplastic forms, (SMR=1.23; IC95%=1.031.47), but an (at least) tripled risk of acute and other well
defined medical problems, such as that due to haemolymphatic cancers (SMR=3.51; IC95%=1.09-47.9). Moreover
a particularly high increase in mortality from haemolytic
cancer (RR=7.22; IC95%=1.1-47.9) was also revealed, the
risk of tumour increasing with increased exposure time
(cause-effect relationship). Mortality due to neoplasia is
highest in the youngest, rising with increase in length of
employment in the radar operative units. The authors maintain that the radar RF emission is accompanied by emission
of ionizing radiation by the systems producing the RF used
in the radar equipment, and that both emissions have a
range of up to two meters from the radar device itself. The
radar devices in question were Nike and Hawk employed
in anti-aircraft defense systems, which used radiations of
frequency 1-10 GHz, both continuous and pulsed, with
main band at 1.5 kW power.
A recent review of data on increased risk of tumor in
exposure to military radar, and of the underlying biological
mechanisms was published by Yakimenko et al [13]; the
concluding remarks were that "recent data strongly point
to the need for re-elaboration of the current safety limits
for non-ionizing radiation using recently obtained
knowledge". The authors also emphasize that “the everyday

exposure of both occupational and general public to MW
radiation should be regulated based on a precautionary
principle which imply maximum restriction of excessive exposure”.
Finkelstein [14] study is also supporting the hypothesis of a statistically significant correlation between occupational RF/MW exposure and increased risk of development
of tumors in man: however, it has revealed an increase in
the risk of various types of tumor with lower than 95% statistical significance.
Despite sometimes lacking precise information about
exposure, the studies presented are nevertheless at least
characterized by the certain or explicitly declared presence
- in the exposure context considered - of RF and/or MW
emitting equipments, in particular radars. The main results
indicating correlation between exposure to radar and increased risk of tumors in the exposed populations relate to
the following tumour types: leukaemias, lymphomas, brain,
testicular and breast tumors, and ocular melanomas.
If we focus on harm to human health due to EMF, and
in particular on the effects produced by radar MW emissions on military employees [1], laboratory studies have
identified the cell-membrane tissue parts that most probably interact with RF- or MW-modulated EMF. Epidemiological studies have put the spotlight on RF-modulated
EMF, in particular radar, as possible risk factors for leukaemias, lymphomas, breast tumors, ocular melanomas
and brain tumors.
A recent review of the epidemiological studies of the
relationship between RF/MW exposures and increased risk
of brain tumors was performed by Kundi who critically examined almost all the studies listed above as well as others
[16] and concluded stating that “occupational studies indicate that long-term exposure at workplaces may be associated with an elevated brain tumor risk. Although in some occupations and specially in military jobs current exposure
guidelines may have sometimes been reached or exceeded,
overall the evidence suggests that long-term exposures to
levels generally lying below current guideline levels still
carry the risk of increasing the incidence of brain tumors.
Although the population attributable risk is low (likely below
4%), still more than 1,000 cases per year in the US can be
attributed to RF exposure at workplaces alone. Due to the
lack of conclusive studies of environmental RF exposure and
brain tumors, the potential of these exposures to increase the
risk cannot be estimated. Epidemiological studies as reviewed in the IEEE C95.1 revision (2006) are deficient to
the extent that the entire analysis is professionally unsupportable. IEEE’s dismissal of epidemiological studies that
link RF exposures to cancer points that these should be misregarded, as well as any IEEE conclusions drawn from this
flawed analysis of epidemiological studies”.
In April 2013 an international congress on “Radar, radiofrequency and health risk”, held in Italy5 produced a scientific consensus concluding that:

5

http://docslide.us/documents/potenza-picena-scientific-resolution-radar-

M. Scalia et al., “Potenza Picena Resolution”, April 20th, 2013,
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 Radars use pulsed radiofrequency that causes characteristic biological effects which are more invasive than
non pulsed EMF;
 Radiofrequency can cause structural changes in enzymes with time reactions of nanoseconds, while the
pulsed radiofrequencies emitted by radars occur every
milliseconds, thus suggesting that for every pulsing
event several enzymatic changes occur;
 The pulsed signals can induce significant modifications
on DNA regulations as an effect of the methylation of
the genome;
 Sientific literature concludes that biological/health effects
can occur at low intensity exposure and chronic exposure can make a living organism more susceptible to the
effect of the EMFs;
 ICEMS monograph (Eur. J. Oncol., 2010) concludes
that there are non thermal mechanisms of action of
EMF (including RF) on the living matter;
 Experiments on cell cultured in residential areas in Potenza Picena showed that the radar signal activates
apoptosis for short exposures and cell survival signal
after 24 hours of exposure;
 Preliminary results of animal experiments show that radiofrequency is a co-carcinogenic agent;
 Radiofrequency induces oxidative stress processes in
tissues and living organisms;
 Different epidemiological studies show that there is a
significant increase of health risks on the people exposed
to pulsed radiofrequency and more studies need to be
done to conclude especially about pulsed radiofrequency;
 Scientific literature suggests that for EMF the precautionary principle should be internationally adopted;
Thus, stricter safety standards for EMF needs to be
adopted by governments and public health agencies because the existing ones are obsolete and they are not
based on recent literature about biological effects.
According to the precautionary principle RF sources
should be reduced as low as possible because at now it is
not possible to establish a safe limit under which no biological effects can be observed.
RF sources should be kept far from residential areas.
For pulsed RF sources, such radars and Wi-Max antennas,
the distance from the EMF source should be even greater
because they cause more biologically effects than non
pulsed signals.
3. THE MUOS CASE STUDY
The MUOS (Mobile User Objective System) station in
Niscemi (Sicily, Italy) is part of a worldwide network of

telecommunications of the U.S. Army: the network consists of three other similar stations (two in the U.S. and one
in Australia) and a fleet of satellites [19]. The network consists of three other similar stations (two in the U.S. and one
in Australia) and a fleet of satellites.
The MUOS in Niscemi should become the most important telecommunications hub of the U.S. military forces
in Europe, Africa and the Middle East. It could be located
however elsewhere in those continents.
Initially, its implementation was planned within the
perimeter of the military airport of Sigonella; however, the
project was eventually moved to the military telecommunications facility NRTF of the U.S. Navy (Naval Radio
Transmitter Facility) in Niscemi. A study of 2006 [20], in
fact, commissioned by the U.S. Army, showed that the
strong electromagnetic emissions implied interference
risks and accidents for military flights. The project was
then presented for its siting in NRTF, together with an insufficient environmental impact study [20].
Recent studies show that the same problems would occur for civilian flights, since 4 airports are located within
70 km from the MUOS site in Sicily. A large portion of
that Region should become a no-fly zone.
The telecommunications station NRTF-Niscemi, instead, operates since 1991, just 4 Km from the center of the
small town of the same name. Within NRTF-Niscemi, 46
large antennas are present: as stated by the U.S. military,
only 27 of them are actually operational, 26 of them emitting in HF (High Frequency) band, at frequencies between 3
and 30 MHz, and one in the LF (Low Frequency) band, at 46
KHz. The emissions of the MUOS should therefore be
added to those generated by the existing antennas [19].
The MUOS transmission system involves two TACO
H124 helical antennas, operating in VHF-UHF band (transmission frequency 240-315 MHz, transmission power 105 W,
maximum antenna gain 16 db, and three parabolic antennas
(diameter of 18,4 m) operating in the Ka band of microwaves
(transmission frequency 30-31 GHz, transmission power
1600 W, maximum antenna gain 71,4 db). Some important
data has been omitted in the original project (like the horizontal and vertical gain pattern of the parabolic antennas
and their near-field emissions): it is therefore impossible to
set up a model to foresee the expected electromagnetic
emissions from the MUOS antennas.
At the time when the base-NRTF Niscemi was built in
1991, the Italian legislation for radiation protection against
electromagnetic emissions of radio frequency was lacking,
and therefore just a gross preliminary environmental assessment was carried out.
Currently, the situation is very different: in fact, Italy
has now an updated legislation, starting from 2001. These
principles were implemented in the "Electronic Communications Code" (Italian Law 1 August 2003, n. 259), which
defines a procedure to authorize the installation of repeaters

radiofrequency-and-health-risk.html
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and radio-transmitters (Radio Base Station), dealing with a
detailed collection and processing of technical data in order
to verify safety conditions for the exposure of workers. The
safety for public exposure to electromagnetic fields have
been addressed instead by the Italian Law no. 36 of 2001
and subsequent Decrees (DPCM July 8, 2003), which set
out the safety thresholds for the population summarized in
Table 1.
TABLE 1 – Italian law safety thresholds (DPCM July 8, 2003)
Safety thresholds for acute effects (“Limiti di esposizione”)
Frequency

Electric field

Magnetic field

Power flux

100 Khz - 3 MHz

60 V/m

0,2 A/m

-

3 MHz - 3 GHz

20 V/m

-

1 W/m2

3 GHz - 300 GHz

40 V/m

-

4 W/m2

Safety thresholds for long time exposure effects (“Valori di attenzione”)
Frequency

Electric field

100 Khz - 300 6 V/m
GHz

Magnetic field

Power flux

0,016 A/m

0,1 W/m2

For these reasons, in October 2008 the Regional Government of Sicily has asked to the regional environment
agency ARPA-Sicily (ARPAS) to prepare a preliminary
assessment on the installation project of the MUOS in the
NRTF facility in Niscemi.
According to the existing regulations, ARPAS stated
that "Assessing the overall distribution on the territory of
the electromagnetic field generated by the transmitters in
use, and the MUOS has be realized". This task requires detailed knowledge of technical data relating to all radiant
systems, present and future. ARPAS, however, was not
able to accomplish the task because of the lack of data provided by the U.S. Army.
During the preliminary investigation, some measurements were also performed dealing with the field emitted
from the NRTF-Niscemi facility [21]. Measurements has
been performed by the agency ARPA-Sicily, both in HF
and in LF band, since 2009: the results can be summarized
as:
- a first evaluation of the maximum e.m. emissions due
to NRTF-Niscemi has been performed in the 26 of January 2009. Narrow band measurements has been performed in 7 points, around the military area, by the
spectrum analyzer Narda EHP-200 (bandwith 9 Khz-30
MHz, uncertainty ±10,4%). In LF band one single frequency peak (at 46 KHz) has been detected, the electric
field was found over 20 V/m close to the boundaries
and over 6 V/m in the flat roof of the houses nearest
(less than 1 Km) to the military area. In HF band dozen
of single frequency peak has been detected, with amplitude between 0,2 and 1 V/m (frequency between 3 and
30 MHz), the rms value, resulting by the superposition
of all the single HF emission, was close to 6 V/m in all
the investigated points.

- Measurements were then carried on until recently by
the broad band electric field detector Narda 8055
(bandwith 100 Khz-3 GHz, uncertainty ±10% for frequency lower than 300 MHz). Due to the reduced bandwith, only the HF band emission has been detected. One
only detector was placed in the flat roof of an house
very near to the military area (N 37° 07' 56”, E 14° 26'
00”, WGS 84 coordinates). Continuous detections in
2009 show that the electric field level was close to 6
V/m during the most part of the day (as obtained also
by the narrow band HF measurements of 26/1/2009),
lower levels (0,5 - 3 V/m) has been detected between
February 2011 and July 2012, while, since July 2012 up
to now, the detected field level raised to 6-7 V/m.
- A second evaluation of the maximum e.m. emissions
due to NRTF-Niscemi has been performed recently
(8 May – 21 June 2013), by the same spectrum analyzer Narda EHP-200 used in the previous 2009 measurement. The results in LF band was very similar to the
previous, obtained in 2009 (an electric field over 30
V/m has been detected close to the boundary and 6-7
V/m has been detected in the house near the military
area), but the HF band measurements results completely different. Only 10-15 single frequency peak has
been found in HF band, with amplitude one order of
magnitude lower (between 0,04 and 0,1 V/m) than what
has been detected in 2009. Those completely different
results in HF band emission are actually unexplained,
our hypothesis is that the emissions parameters of
NRTF-Niscemi facility in 2013 and in 2009 tests were
not the same (less active antennas and lower transmission power in 2013 test).
Investigations of ARPAS in years 2009-2013 showed
that safety limits for population are exceeded, with the system in its current configuration already.
Actual evaluation of the NRTF-Niscemi facility emissions are already affected by great uncertainty: a global
model of the NRTF emission still lack; during the measurements the ARPAS technician have not the fully control of
the RF sources: it cannot be explained the great differences
observed in the measurements (for instance during the
2009 and the 2013 tests); the only point in which continuous monitoring has been performed in the last five years is
not enough to check the emission of a telecommunication
facility that occupies more than one square Km of surface,
surrounded by residence and naturally protected areas: at
least 10 Km2 of surface has to be monitored.
The great difficulties put into evidence in the measurement and evaluation of the electromagnetic emission of
NRTF-Niscemi facility, indicate that a different approach
is necessary. A direct evaluation of the biological effects of
the e.m. radiation is suitable and can be performed by experiments of exposure of cultured cells and subsequent
analysis of exposed and not-exposed cells, to prove differences in viability, grow rate and apoptosis [22].
In Niscemi, population is contemporarily exposed to
many different frequencies of electromagnetic fields. Here
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we point out that, besides the MUOS and NRTF exposure
pattern described here, people are also exposed to the usual
50 Hz ELF of the household appliances and of electrical
power transport lines (classified by International Agency for
Cancer Research IARC as Possible Carcinogen for Humans
in 2001). Moreover, people are exposed to Wi-Fi, mobile
telephones emissions and their base stations which result
in a complex pattern of carcinogenic exposures. This
means that the same subjects are exposed to multiple EMF
that sum up in the organisms.
We should evaluate the complex health impact of all
electromagnetic fields on the people of Niscemi with a particular stress on their synergistic potential effects. It is with
this aim that we have set up an experimental campaign, to
cultivate cells in different houses of Niscemi around the
NRTF- MUOS in order to determine the effects of the environmental pulsed radar signal on the cultured cells exposed
in the houses. The preliminary results show significant
changes in the proliferation rate (shown by the MTT Test)
confirmed by morphological observations at microscopic
optic and electronic level.
At optical level a higher and significant number of apoptotic figures can be detected while at electron microscopy
level the different steps of apoptotic commitment can be observed. The data from this morphologic approach have been
confirmed by Western Blot analysis which show that apoptotic genes, like caspase-3, have been also activated by the
exposure to the MUOS-NRTF electromagnetic field. Using
everyday life environmental EMF conditions to expose cell
cultures is appropriate, since people can be damaged by
such exposure.
Studies on the potential health effects due to exposures
to electromagnetic fields have focused also on genotoxicity.
Although there is not a general consensus on the EMF effects on organisms at the level of organs, tissues, cells or
molecules, the prevailing paradigm about the potential
health effects of exposures have focused on DNA damage
and mutations.
The exposure to EMF can produce high damage to
DNA though the production of different types of reactive
oxygen species, which might explain the relationship between this source of radiation and childhood leukemia [2324].

Our preliminary data indicate that in hematopoietic
cells exposed to RF-EMF there is an alteration in the expression of LINE-1 sequences.
These biological effects on cells can be furthermore related to the epidemiologic data and to the power density
environmental signal in order to assess the possible role of
the radar radiations to the people health risks in Niscemi.
Strictly speaking, therefore, not only one cannot grant
permissions for more transmitting stations, which lead to
additional emissions, but one should rather proceed to the
immediate reduction of emissions of the existing station
(according to the procedure of "reduction in conformity"
required by Italian Law, DPCM 8 July 2003-RF art. 5 and
Annex C).
For the same reasons, ARPA Sicily could not quantitatively assess future emissions for the MUOS system, that
anyway should be added to the existing ones, and therefore
be in total beyond limits. For these reasons, it can be said
that the MUOS project should not be authorized, since it
would violate the existing law to protect Italian population
against exposure to electromagnetic fields.
4. CONCLUSIONS
Other risks due to MUOS installation were not evaluated by the ARPAS assessment, such as that of direct exposure to the beam emitted by MUOS in case of pointing
error, due to plane crash, accidental irradiation of aircraft
during normal operation, harmful effects on the surrounding environment.
On the basis of the elements above exposed it may be
concluded that, in order to safeguarding the health of the
population and the environment, it should not be allowed
any further installation of electromagnetic field sources at
the station NRTF Niscemi, and indeed is necessary to plan
a rapid reduction of current emissions, according to the
procedure " reduction in conformity "under Italian law in
force: emission from the MUOS system may cause serious
accidents and damage to health of the population and the
environment, due to the realization at a distance of just a
few Km from densely populated areas, such as the town of
Niscemi.

Epigenetic modifications are chemical alterations of
the DNA and of the histones within the nucleosomes that
do not involve changes in the nucleotide sequence. Recently discovered non-coding RNAs are also part of the epigenetic regulation of the genome.
Alterations in DNA methylation patterns and the reexpression of LINE-1 and other repetitive sequences have
been reported as important epigenetic alterations caused by
exposure to EMF. Re-expression of LINE-1 and ALUs
transposable elements is a source of strong chromosomal
instability and an important cause of mutagenesis of genes
critical for preventing or driving malignant transformation.
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